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Chapter 1

General Introduction

1.1. Backgrounds

Organic light-emitting diodes (OLEDSs) are recagmi as potential technologies for flat and
flexible displays and lighting sources [1-11] sirtbe first fabrication by Tang et al. in 1987 [1].
In the study, organic amorphous thin films of a ehwhnsport amine compound,
1,1-bis[(di-4-tolylamino)phenyl]cyclohexane (TAPG@hnd a bifunctional electron-transport and
light-emitting material, tris(8-hydoroxyquinolingluminuim(lll) (Algs) (see Fig. 1.1), were
layered, leading to the brightness over 1000 &a\ith the drive voltage below 10 V [1]. This
device configuration was followed by the three-lag&ucture, consisting of a hole-transport, a
light-emitting, and an electron-transport layergpgosed by Adachi et al. in 1988 [2]. In these
studies, the adoption of the multilayered amorphbirsfilms with the total thickness less than
100 nm was the essential factor for the low-voltdgeen and pinhole-free luminescence.

In OLEDSs, holes and electrons are conveyed tdigi-emitting layer via the amorphous
charge-transport layers recombine to produce exit@ading to photon emissions. Therefore,
charge-transport phenomena are of importance tcergtahd and to improve the device
characteristics [12-19]. However, understandinfsharge transports in amorphous organic
materials are limited. One of the reasons is #mbrphous structures were hardly clarified
due to the difficulty of the analyses, althoughytheere considered to closely relate to the
charge-transport properties. Even the crystacgiras of OLED materials were not clarified
for a long time. For example, for the Algrystal, three polymorphgr-, -, and 2Alqs, were
found by X-ray diffraction (XRD) analyses in 2009 Brinkmann et al. [20]. There are two

isomeric states for Alg facial and meridional isomers. Brinkmann etehorted that- and
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Fig. 1.1. Chemical structures of 1,1-bis[(di-4-talpino)phenyl]cyclohexane
(TAPC), facial and meridional isomers of tris(8-bydxyquinoline)
aluminuim(lll) (Algs), N,N’-diphenylN,N’-di(m-tolyl)benzidine (TPD), and
4,4'N,N-dicarbazolylbiphenyl (CBP).



FAlgs were composed of meridional isomers arélg; was composed of orientationally
disordered meridional isomers. However, the isaengtiate of)Algs was found to be facial
later [21-23], suggesting the difficulty of the &sis. The disorder in the aggregated structure
is favorable for the OLED application because dhibits the crystallization and stabilizes the
amorphous states. However, the feature convensakes the structural analyses difficult. In
addition, nitrogen and oxygen atoms are sometinifeult to be distinguished by XRD
methods, although these atoms are important tagrepe the facial and meridional isomers of
Algs. This is because the atomic scattering factorsxfoay are similar to each other for
nitrogen and oxygen atoms, due to the low and amelectron densities of the atoms [24].
Another example is for a well-known hole-transpueterial,N,N’-diphenylN,N’-di(m-tolyl)
benzidine (TPD) [2,5,6,25-33]. Two kinds of crybtee polymorphs, orthorhombic and
monoclinic, were reported for TPD from a comparaliRD profile obtained by several groups
[30,32,33]. The reported polymorphs also have cttral disorders and difficult to be
analyzed in detail. These studies for Aknd TPD show that the molecular structures of
OLED materials are difficult to be analyzed eventfee crystalline states, due to the structural
disorders in the crystals and relatively low selety of XRD methods for light elements.
The XRD methods are hardly valid for disordered ghous states. Recently, it was shown
that solid-state NMR is a powerful tool to investig disordered materials, because it can
provide comparable resolutions for disordered arydtalline states [34-37]. For example,
conformation of atactic poly(acrylonitrile) (PAN) as quantified by two-dimensional
double-quantum solid-state NMR method [36], altHoube crystals are highly disordered.
When the NMR spectra strongly depend on the cordtiom as in the case of PAN, it is
possible to analyze the conformation precisely ap@ntitatively. The applications of

solid-state NMR techniques for OLED materials asgeeted to clarify the amorphous



structures.

Another reason for the insufficient understandifigcharge-transport phenomena in organic
materials is that most studies focused only oraitlecular parameters as described below.
However, in organic materials including amorphouwsterials, charges are transferred through
the intermolecular orbital overlaps by hopping meubm [38-41]. Therefore, the charge
transports cannot be fully understood by only titeamolecular parameters. The rate constant,
ke, for the intermolecular hopping charge-transfacpsses in Egs. 1.1 and 1.2 are given by Eq.

1.3, according to Marcus theory [38,39].

MA + MB+—> MA+ + MB (11)

MA + MB_—> MA_ + MB (12)

(1.3)

:4772H2 1 ex _(AGif +/])2
h % Jamk,T 42k, T

Here,Hag Is the charge transfer integral, which expressesrttermolecular orbital overlaps,
is the reorganization energy, ah@; is the free energy difference between the indiad final
states. Thel, h andkg are the temperature, Planck and Boltzmann corsstagspectively.
When the molecules Mand M; in Egs. 1.1 and 1.2 are the sahé&; is equal to 0. Then, Eq.

1.3 reduces to Eq. 1.4.

417 1 A
= H?2 exp - 1.4
kCT h AB \/ 4 MkBT F{ 4kBT ] ( )



According to Eqg. 1.4, the charge-transfer rate @oniss a function of reorganization energy and
charge transfer integral, under a certain temperatuUp until now, reorganization energies
were eagerly investigated by quantum chemical tatioms [14,15,18,19]. For example,
small reorganization energies for hole transfetrigrylamine compounds, including TPD, are
recognized as essential origins for good hole ri@sl[18]. However, there are some cases
that the charge-transport properties could notx¥pdaened only by the reorganization energies
[19]. It should be noted that the charge transfigral is also a key parameter to quantify the
charge-transfer rate constant, although the inyatstins were hardly reported. This owes not
only to the lack of intermolecular structural paeders, which is necessary for the calculations
of charge transfer integrals, but also the unaastadf the investigating method [19]. When a
relevant two molecular system is geometrically sy, that is, the HOMO (or LUMO)
energy of each molecule is comparable with eachrpthe hole (or electron) transfer integral
simply corresponds to the stabilization energy 6D (or LUMO), i.e. the half of the energy
difference between HOMO and HOMO-1 (or LUMO and LOML) in the two molecular
system [42-47]. However, this picture cannot bepéed when the two molecular system is
geometrically asymmetric, and the HOMO (or LUMO)my of each molecule is no longer
comparable with each other. This is the most cdeespairs of two molecules in the
condensed state. The robust approach is eagesiyedeo quantify the charge-transfer rate

constants and to understand the charge-transpgégties in the condensed state.

1.2. Outline of This Thesis
The aim of this thesis is to show the moleculad a&lectronic structures of organic
charge-transport materials to comprehend the arigih charge-transport properties. The

contents of this thesis are as follows:



In Chapter 2, the amorphous structure of TPDhi@stigated by solid-statéN NMR and
density functional theory (DFT) calculations. FrowMR experiments, we can observe the
magnetic shielding around the nuclei under the iagpiagnetic field. Depending on the
anisotropy of the shielding, broad spectra canliiaimed by chemical shift anisotropy (CSA)
measurements. In this Chapter, th&l CSA spectrum is experimentally obtained for
amorphous TPD by the solid-state NMR measuremddET calculations are also performed
to find that theN CSA of TPD strongly depends on the molecularcstme. By using the
structural dependences of th CSA and the experimental CSA spectrum for amauphicPD,
the molecular structure of amorphous TPD is ingestid. Especially, the conformation and
planarity around the nitrogen atoms are analyzedetail, which are crucial to determine the
structure of TPD molecules. Representing the ahmarg structure of TPD, it is shown that
the combined use of solid-state NMR experimentsarahtum chemical calculations is useful
to analyze the amorphous structure.

In Chapter 3, the conformational dependence @t CSA of TPD, obtained in Chapter 2,
is analyzed in detail to understand the origin loé ttonformational dependence and the
relationship between the conformation and the ah&nansport property. The origins of the
conformational dependence BN CSA are investigated, dividing the NMR shieldingo the
diamagnetic and paramagnetic terms. The formaedsribed by the spherical electron density
in the ground state. The latter is expressed &élbctron circulations between the ground and
excited states, and inversely proportional to thergy difference between the states. It is
shown that the paramagnetic terms is drasticaiyngbhd depending on the conformation, owing
to the orbital interactions around the nitrogenichithave large contribution to HOMO. In the
investigation, the conformational dependence of HIDM also presented. Based on these

results, the relationship between the conformadind charge-transport property is considered.



It is shown that the division of the diamagnetid garamagnetic NMR shielding is effective to
understand the electronic structure.

In Chapter 4, the charged states of TPD are imgated. According to the cyclic
voltammetry (CV) and UV/Vis-NIR spectroelectrochstry, the cationic and dicationc states
exist for charged TPD [31]. All of the neutralticaic, and dicationic states are investigated
by solid-state®®™N NMR experiments. The observétN isotropic chemical shifts differ
substantially, depending on the charged statese r&hults indicate that the observation of
charge-transport process in the devices would b&siple by detecting thé°N isotropic
chemical shifts by solid-state NMR experiments. e Experimentat’N CSA spectra are also
obtained for the neutral and charged samples, mgresell with those obtained by DFT
calculations. By analyzing the CSA spectra by Ddalculations, the direction from which
electrons are extracted is obtained. The resudi@nnthat the solid-state NMR is powerful for
the analysis of the electronic structure of organadecules in charged states.

In Chapter 5, both the reorganization energiak @drarge transfer integrals are investigated
for TPD to quantify the charge-transfer rate camstain the basis of Marcus theory. The
calculations are carried out for all the adjacentarular pairs in the crystals, analyzing all of
the Coulomb, resonance, and overlap integrals legtwiee frontier orbitals by extended Huckel
method. In addition, percolated charge-transpattigin the condensed state are considered to
understand the charge transports in devices. atiesgonsist of consecutive molecular pairs
with large values of charge-transfer rate constan®When the percolated paths do exist,
charges can be effectively transported from onetrelde to the counter electrode by hopping
mechanism. From the analysis, the advantageols fat hole transports are found for the
condensed TPD, while those for electron transpemgsnot. The results qualitatively explain

the experimental results that hole mobility;*1@/Vs, is several orders of magnitudes larger



than electron mobility, < I0cnf/Vs [28]. It is suggested that this method canvakd to
understand the charge transports by hopping mesani

In Chapter 6, the charge-transfer rate constéonts4,4'N,N-dicarbazolylbiphenyl (CBP)
[48-55] are quantified as in the case of TPD in@éa5. Although the chemical structures of
TPD and CBP are similar to each other, CBP hap@ldyri charge-transport property, that is, the
hole and electron mobilities are comparable, bathttie order of 18 cnf/Vs [52,53].
However, the origins of the bipolar charge-transpooperty are unclear. By considering both
the reorganization energies and charge transfegrals as in Chapter 5, the bipolar property of
CBP is consistently explained. From the detailedlysis, information on which segments of
the molecule are dominant for charge transfersbisined. For CBP, both the HOMO and
LUMO are spread over the molecule. Thereforerimééecular overlaps are easily formed for
both the HOMO and LUMO, resulting in the large ammpatible values of hole and electron
transfer integrals. In contrast, the LUMO of TP® localized on the central biphenylene
moiety, leading to the small values of electronngfar integrals. It is suggested that
delocalizations of the MOs are one of the importidtors for the intermolecular charge
transfers, and thus for the charge-transport ptppdrthese triphenylamine-related materials.

The findings are helpful for designs of moleculethwetter carrier mobilities.
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Chapter 2
A Combined Experimental and Theoretical Study of
the Amorphous Structure of N,N’-diphenyl-N,N’-di(m-tolyl)benzidine
(TPD) Using Solid-State™™N NMR and DFT Calculations

2.1. Introduction

N,N’-diphenylN,N’-di(m-tolyl)benzidine (TPD) (see Fig. 2.1) is one of thaely-known
hole-transport materials for organic light-emittidiodes (OLEDs) [1-12]. In order to
investigate the relationships between the molecstiarcture and the hole-transport property,
and to obtain guidelines for designing moleculethwixcellent performance, quantum chemical
calculations were performed for TPD and related mmunds [13-17]. The calculations for a
single TPD molecule suggested that the small redzgtion energy for hole transfer is an
important factor for its hole-transporting effeeiness [13,17]. Recently, X-ray diffraction
(XRD) analyses were carried out for TPD crystalctarify the molecular structure in the
condensed state [18-20]. Consisting with the tesol quantum chemical calculations, the
XRD analyses showed that the structure arounditiegen atoms of TPD is planar, that is, the
nitrogen atoms and the three carbon atoms direothgled to the nitrogen atoms are in the same
plane @, + 6, + 6; = 360, see Fig. 2.1). This is sharp contrast with namsine compounds, in
which the structures around the nitrogen atomgpwramidal. However, the torsion angles of
N-C bonds ¢, B, andy in Fig. 2.1) are not comparable between the rexfltthe quantum
chemical calculations and XRD analyses. It shdudd noted that the OLEDs’ materials,
including TPD, are neither in single molecule norcrystalline state in the device. Rather,
they are in amorphous states. Therefore, diresemiations of the molecular structure of

amorphous TPD are desired.

13
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Fig. 2.1. DFT-optimized structure df,N’-diphenylN,N’-di(m-tolyl)benzidine (TPD) for the

conformer denoted v(-)-A(+)-h(+).

The optimized ndo angles around the nitrogen,

namely®;, 6,, and6;, are all 1280 The optimized torsion angles, B, y, andd, are also

shown.

3
Br Tris(dibenzylidene- I NH, Br
“ acetone)dipalladium Hjﬁ (Jﬁ\
1,1'-Bis(dipheny]- _
| is(dipheny A w’

7 phosphino)ferrocene

NaO-t-Bu NaO-t-Bu
110 °C 3hour 130 °C 15hour

under N5 atmosphere  under N5 atmosphere

= dry toluene
/ r.t. 10min

Br under N, atmosphere

Scheme 2.1. The synthetic route"®-labeled TPD *N-TPD) sample.
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In this study, the planarity around the nitrogeéoms and the torsion angles of N-C bonds of
amorphous TPD are investigated by the combinedofissolid-state NMR experiments and
density functional theory (DFT) calculations. $editate NMR is one of the most suitable
tools for the investigation of disordered materialduding amorphous solids [21-27]. From
the solid-state NMR experiments the experimeftill CSA spectrum for°N-labeled TPD
(**N-TPD) in the amorphous state is obtained. In i the structural dependences
chemical shift anisotropy (CSA) are calculated by¥TD method. @ Comparing these
experimental and computed CSA data, the molectilactsire of amorphous TPD is analyzed.
It is also shown that the planarity around the ogén atoms affects the HOMO and
intermolecular distance, both of which are imparfactors for hole transports by the hopping

mechanism [28-31].

2.2 Experimental and Computational Section

2.2.1. Samples

>N-TPD sample was obtained by the synthetic routevshin Scheme 2.1 [32]. To a 100
mL three-necked round-bottomed flask containing-Bjdromobiphenyl (1.73 g, 5.44 mmol),
tris(dibenzylideneacetone) dipalladium(0) {itbay) (150 mg, 0.165 mmol), and
1,1’-bis(diphenylphosphino)ferrocene (DPPF) (121, @419 mmol), dried toluene (20 mL)
was added under nitrogen atmosphere. The mixta® stirred at room temperature for 10
minutes. Then'N-labeled aniline (1.02 g, 11.0 mmol) and sodiemt-butoxide (2.00 g, 21.3
mmol) were added. After the reaction mixture wasrezl at 110°C for 3 hours,
m-bromotoluene (1.88 g, 11.0 mmol) and sodient-butoxide (2.00 g, 21.3 mmol) were added.

The reaction mixture was refluxed at 1%®Dfor 15 hours, and then quenched by pouring water.

15



The organic layer was purified by column chromaapdyy on silica gel with toluene followed
by 25% toluene in hexane to afford 1.80 g (64%)"°bETPD as a white solid.'H NMR
(CDCl;, 300 MHz)d 2.25 (s, 6H), 6.81-7.45 (m, 26H).

The obtained®N-TPD sample was quenched td® from the melt at 200C and dried at
room temperature under vacuum for one day to otiteénamorphous®N-TPD (°N-aTPD)

sample.

2.2.2. Solid-Staté®N NMR Experiments

The solid-staté®N NMR experiments were carried out foN-aTPD, using a Chemagnetics
CMX-400 spectrometer operating at a static magriigid of 9.4 T and &°N frequency of 40.4
MHz. A 7.5-mm magic angle spinning (MAS) probehesas used. For thtH and N
channels, the 90pulse lengths were 4.0 and €8, respectively. The CP/MAS and CSA
measurements were performed. For the CP/MAS measunt, the MAS rate was 6 kHz to
obtain the isotropic chemical shifgi,. For the CSA measurement, the Hahn echo
(t-Tepulset) with T = 20 us was applied before the detection of a free indaaecay (FID).
The spectrum was obtained without sample spinninign the measurement, a resonant
frequencywx, in Eq. 2.1 is observed. It depends on the redatrientation of static magnetic

filed, By, in the principal axes system [21].

Wo / 211 = 01, Si’8 coSP + 0,,SiN0 sinfQ + 033050 (2.1)

Here, 0 and@ express the polar coordinatesByf in the principal axes system. The, 02,
andaos;z are the chemical shift principal values, and they denoted from the downfield side of

the spectrum. The average of these principal gatoeresponds to the isotropic chemical shift.
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All the NMR measurements were carried out al@3 The'N chemical shifts were expressed
as values relative to liquid ammonia (§Hising the resonance line of soffNH,Cl at 39.1

ppm as external [33,34].

2.2.3. Computations

The optimization of the molecular structure ofRD molecule was carried out at the DFT
level using the B3LYP functional, in which Becklg¢e-parameter hybrid exchange functional
is combined with the Lee-Yang-Parr correlation tiowal [35-39]. The 6-31G(d) basis set
[40-44] was used. The validity of this basis st the structural optimization was already
investigated [13-17].

The principal values of theN shielding tensorgyy’, 0,,, and 0s3, for the optimized TPD
molecule were calculated using the B3LYP functiondh the gauge-including atomic orbital
(GIAO) method [40]. The relationship between thingpal values of shielding tensor and

chemical shift tensor is expressed as

Oji = Gref, - O-ii, (II = 11, 22, or 33) (22)

where,0,{ is the shielding constant for a reference makerién order to choose an appropriate
basis set for the calculations, the principal valag™™N shielding tensor were calculated using
the several basis sets from STO-3G to 6-311+G(2d Big. 2.2a shows the calculated values of
011, 02, Os33, and oy — 033 (= 033 — 011'). The value ofoy; — 033 is called “CSA span”,
hereafter. Only the values for the right nitrogea shown in the figure, because the values for
the right and left nitrogens are comparable. Withikaccuracy of the absolute valuesgf,

0,2, andozs' is unclear, the CSA span is almost constantirgesve of the basis set; the values
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a) Basis set dependence of the priheimaes of the®N shielding tensorg;;’
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(m), 02 (¢), and o33’ (o) and the values of the CSA spamy; — 033 (o) for the

DFT-optimized TPD single molecule.

Sin

ce the valter the right and left nitrogen nuclei

are almost the same, only those values correspprdirthe right nitrogen nucleus are

shown.
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are 16.6 £ 1.4 ppm for all the basis sets. Figp 2epresents the CPU time for the calculations
performed by SGI Origin3800, using 8 CPUs with tieck frequency of 500 MHz. For
example, the calculation time for 6-31G(d) basisiséess than one fifth of that for 6-31+G(d)
basis set. The basis set of 6-31G(d) was adoptethé investigations to obtain the value of
>N CSA span in reasonable time. The NMR calculatiovere carried out changing the
planarity around the nitrogen atoms and torsioneangf N-C bonds from the DFT-optimized
geometry to obtain the molecular structural depeode of theN CSA span. All the

calculations were carried out for an isolated TP®atule with the Gaussian 03 program [45].

2.3. Results and Discussion

2.3.1. DFT-Optimized Structures

Fig. 2.1 shows one of the stable conformers nbthibby DFT-optimizations. The features
are as follow; the nitrogen and three carbons attinestly bonded to the nitrogen atom are in
the same plane, and the three rings attached tontinegen adopt a propeller-shape
conformation. Note that TPD has a specific confidramal freedom, allowing the 40 different
stable conformers. (1) A 180otation of the C9’N'NC9 virtual bond makes twonés of
conformersanticlinal (A) andgauche(G). Here, the denotations of A and G are theAlOP
designation for torsion angles; the torsion anglesdefined in the range -180 | < 180 and
conformation with torsion angles within £3fbom +18CF, +12C, +6C, and 0 are designated as
T, A, G, and C, respectively. Changing the sigrs{five and negative) for the torsion andlge,
also makes two different conformers. (2) A 186tation of the tolyl ring (rotation of N-C9
bond, corresponding to torsion angfeallows two additional kinds of conformers, in whithe

methyl group is either vertical (v) or horizontdl) (against the virtual N'-N bond. For the
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triphenylamine (TPA) moieties, two different confmrs exist depending on the propeller
chirality, for which the torsion angle set 8, (3, y) or (<, f3, y). Table 2.1 shows the 40
optimized stable conformers with the point groupsl aelative energies. The respective
conformers are described such as v(-)-A(+)-h(+)he ¥ or h on the left and right indicate the
direction of methyl groups in the left and rightytaggroups, respectively. The (-) or (+) on the
left and right correspond to the propeller chitallof the left and right TPA moieties,
respectively. The A(+) at the center means thatttdrsion angle of the C9’'N'NC9 virtual
bond isanticlinal and the sign of the torsion anglg,is positive. The 40 conformers in Table
2.1 are considered to exist in amorphous stateedine maximum energy difference among
these conformers, 1.76 kJ ipis smaller than the thermal energy at room teatpez, 2.5 kJ
mol’. Note that the thermal energy during thermal difmm processes is much larger. In
Table 2.1, 16 conformers which have the structwés)-*-v(+),v(-)-*-v(-), h(+)-*-h(+), and
h(-)-*-h(-), exhibit C, symmetry (the symbol of * indicates an arbitrapnformation). The
remaining 24 conformers hawg; symmetry. In contrast, TPA is more symmetrick)(
This lower symmetry of TPD and existence of varioaaformers would be one of the reasons

why the structural analyses of TPD are difficuleeyor the crystalline state.

2.3.2. Solid-State NMR Results for Amorphous TPD

Fig. 2.3a shows the experimentaM CP/MAS spectrum of’N-aTPD. A relatively broad
single resonance line is observed at 100.4 pprmg. EBb shows the experimentaN CSA
spectrum of°N-aTPD. Due to the narrowness of the CSA, distprotcipal values 0b1y, 02,
and as; cannot be precisely determined. Therefore, th& §%n, which corresponds to the
value ofoy; — 033, is used for the analyses. The experimental Q& $s found to be about

15 ppm from Fig. 2.3b. The value is very smalipared with thé°N CSA spans in most
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Table 2.1. Point groups and relative energies (RI'Yhfor stable conformers of TPD. The
optimizations were carried out without symmetry stoaint.

v(+) v() h(+) h(-)

For *-A(+)-*

v(+) C, 062 C,-0.16 C, 059 C,-0.20
v(-) - C, -0.87 C., 0 C,, -0.89
h(+) - - C, 0.86 Ci, -0.01
h(-) - - - C,, -0.90
For *-A(-)-*

v(+) C, -0.87 Cy,-0.02 C,-0.89 C; -0.01
v(-) - C, 0.57 Ci,-0.20 C, 0.59
h(+) - - C, -0.90 C,, -0.01
h(-) - - - C, 0.61
For *-G(+)-*

v(+) C, 063 Cp,-0.21 C,0.81 Cy -0.22
v(-) - C, -0.62 C;, 0.01 C-0.89
h(+) - - C, 0.61 C;,0.16
h(-) - - - C, -0.63
For *-G(-)-*

v(+) C, -0.87 Cp,-0.21 C, -0.89 C; -0.09
v(-) - C, 0.63 Cy,-0.22 C, 0.58
h(+) - - C, -0.43 C,, 0.06
h(-) - - - C, 0.61

® The energies are shown by the difference frometiergy of the conformer, v(-)-A(+)-h(+),
-1.40% 10° kJ mol".
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cases [34,46]. The narrow CSA spectrum does niginate from the effect of dynamics.
This was confirmed by’C CSA measurements of C1 carbd@-labeled TPD and C5 carbon
13C-labeled TPD. For both of the samples, the erpertal values o4, 0,5, andos; agreed
well with the DFT-calculated values, in which théeet of dynamics was not taken into. It is
impossible that the nitrogen atoms are mobile utidercondition that these carbon atoms are

rigid.

2.3.3. Molecular Structure of TPD in Amorphous Stée

Fig. 2.4 represents the DFT-calculaféid CSA spans as a function of structural planarity
around the nitrogen, which is quantified by the sation of bond angle$; + 6, + 6;. Al
the other parameters are the DFT-optimized valugése values 08,, 8,, andBs;are assumed
to be equal in these calculations based on botlstthietural similarity and the results of DFT
optimization. The calculations were carried oufl@tintervals ofo; + 6, + 6.  The values
for the both TPA moieties are changed equivalenthtom Fig. 2.4, it is found that the CSA
span increases almost linearly from 12.9 ppm to 96.897.1 ppm for the left and right
nitrogens, respectively, as tie + 6, + 6; value decreases from 360 to 310The strong
planarity dependence of the CSA span indicatesthieed; + 6, + 65 value can be determined
from the experimentdPN CSA span. It is found from Fig. 2.4 that the esimental™N CSA
span for amorphous TPD, 15 ppm, corresponds tddthe 6, + 0; value of ~36@ This
indicates that the molecular structure around ttregen is planar in amorphous TPD.

The torsion anglesy, B, andy, are also investigated from tH& CSA span. Fig. 2.5 shows
the DFT-calculated®N CSA spans plotted as a function of the torsiayies)a andB, under the
condition that the torsion angles Bfandy are equivalent with each other, based on the

structural similarity.  All the other parameters #ne DFT-optimized values. In the
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calculations, the torsion angles are changed ftr bbthe two TPA moieties of TPD, and the
CSA spans for the right nitrogen in Fig. 2.1 arevein. The calculations were carried out with
30 intervals and a two-dimensional interpolation vegplied for the graphical presentation.
From Fig. 2.5, the CSA spans are found to strodglyend on the torsion angles and thus can be
used for the torsion angle determination. Two llogimima are found within the angle region
in Fig. 2.4. One of the minima is near the poih{m B) = (4, 4¢°), which is comparable
with the conformer, v(-)-A(+)-h(+), and the othemimum is near the point ofx( B) = (140,
140), corresponding to the conformer, h(+)-A(+)-v(-)These conformers correspond to the
DFT-optimized structures in Table 2.1. Becauseuhlees of CSA span for the above two
minima are almost comparable with that the valugiobd for*N-aTPD, ~15 ppm, the torsion
angles in the amorphous state are suggested t, 8¢ € (47, 4C) or (140, 140). Both of

the angle sets can exist, due to the small enéfigyahce as described in Table 2.1. Figs. 2.6a
and 2.6b respectively show more detaitedndp dependences of tH&N CSA spans under the
condition that all the other parameters are the -Dtimized values. Two lines in the
respective figures are for two nitrogen nuclei ire tTPD molecule. It is found that the
DFT-optimized structure with the torsion angieor 3 (= y), of ~4C gives the almost narrowest
CSA span, ~15 ppm, leading to the same conclusiorrig. 2.5 that the torsion angles
determined by the experimental CSA span agree wih those for the DFT-optimized
structure.

It must be noted that the above investigatiomsiralependently carried out for the planarity
and torsion angles. Here, the both parameters amadyzed concurrently for careful
investigations. Fig. 2.7 represents the DFT-cakeal N CSA span as a function of the
planarity,®; + 6, + 63, and torsion angley. The calculations were performed af ifiervals

for both of thed; + 6, + 8; anda values under the condition that=0, =06; anda =3 =v.
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All the other parameters were the DFT-optimizecueal Fig. 2.7 reveals that tfi\ CSA
span depends strongly 8n+ 6, + 8; anda values. A minimum is found arouné, (+ 6, + 63,

a) = (360, 40°) which corresponds to the DFT-optimized molecstancture. The minimum
value closely agrees with the experimental CSA span for amorphous TPD, 15 ppnwe
cannot find any other parameter sets &f € 6, + 65, a) in Fig. 2.7 that agree with the
experimentat®™N CSA span. The result certainly leads that thecaire around the nitrogen of
amorphous TPD is planar and the torsion angles-4@for all of the N-C bonds, consisting
with the DFT-optimized structure. This is in shagmtrast to most of the amine compounds,

which have pyramidal structures [47].

2.3.4. Comparison with XRD Data

Recently, the XRD analysis was carried out far single crystal of TPD [18]. The result is
partly different from the DFT results. For the Dgfdtimized TPD, the corresponding torsion
angles on the left and right TPA moieties are e within the experimental error; the torsion
angles are 39-4Zor a (JC3C4NC5~ [JC3'C4'N'C5’ ~ [JC3"C4NC9 ~ [JC3"C4'N'C9)
and 41-44 for 3 andy (OC4NC5C6~ [JC4NC9C10~ OC3'N'C5'C6’ ~ IC4'N'C9'C10),
where the condition db =y holds. However, this is not the case for the XiRBults. From
the XRD experiments, the conformer 1, v(-)-G(-)}h&nd the conformer 2, v(-)-A(-)-h(-), were
reported. The absolute torsion angles are conipdidtween the two conformers, while each
conformer gives four differentn values, C3C4NC5 = 44.8 (phenyl ring-side) and
JC3C4NC9 = 33.B(tolyl ring-side) for the left TPA moiety, andC3C4NC5 = 27.5(phenyl
ring-side) andJC3C4NC9 = 18.9(tolyl ring-side) for the right TPA moiety. Théfférent
torsion angles for the left and right TPA moietgesl for the phenyl ring- and tolyl ring-sides

indicate the disorder of the geometry. For theeptivo anglesp andy, two different angles
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are obtained for the left and right TPA moieti@s= (33.3, 43.8) andy = (51.8, 56.3),
respectively. The most extreme differences @@SC4NC9 (XRD: 18.9vs. DFT: 42) and
[JC10C9NC4 (XRD: 56.3vs. DFT: 42). The DFT-calculated;, 05, andas; values for
molecular structure obtained by XRD analysis arewsh in Fig. 2.3. A significant
inconsistency is observed for the; values, leading to the values of the CSA span3d® 2nd
30.5 ppm for the left and right nitrogen atoms ohformer 1. Similarly, the results of 24.0
and 30.7 ppm were obtained for conformer 2. I§éheonformers exist in amorphous state, the
CSA spectrum in Fig. 2.3b should be as broad a5-30.7 ppm. Therefore, existences of
these conformers in the amorphous state are dégi¢lde CSA spectrum. The inconsistency
is considered to originate from the structure miodifon due to the crystalline packing effect.
The consistency between the molecular structuramorphous state and that obtained for a
single molecule by DFT calculations suggests thatimtermolecular interactions in amorphous

state do not affect the molecular structure.

2.3.5. Planarity Effects on HOMO

It is clear from the above calculations that N CSA span is closely linked to planarity
around the nitrogen. Amorphous TPD exhibits areeggly narrow CSA span. Therefore,
the magnetic shielding by electron clouds aroumdnitrogen nucleus is almost spherical when
the molecular structure around the nitrogen isgrlanThe anisotropy of the magnetic shielding
increases as the value @&f+ 0, + 8; decreases. The change in the anisotropy of tlynatia
shielding indicates that the shape of the eleationds around the nitrogen is strongly affected
by the planarity. Here, the planarity dependerideeshape of HOMO is considered, because
the MO is closely tied to hole-transport performanc Figs. 2.8a and 2.8b show the

DFT-calculated HOMO for the planad,(+ 6, + 6; = 360) and pyramidalf; + 6, + 6; = 310)
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Fig. 2.8. HOMO of a TPD molecule in the case ¢fg@lanar structure witéy

+ 0, + 03 = 360 and (b) a pyramidal structure with + 6, + 6; = 310.
Enlarged images show the area around the nitrowen. a Isosurface values are
0.040 a.u.
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structures, respectively. For the planar structtid®MO around the nitrogen is distributed
evenly on both sides of the plane. Natural boritalr(NBO) analysis [48] shows us that the
nitrogen atom is sphybridized. By contrast, in the case of the pydanstructure, HOMO
around the nitrogen extends mostly to one sidé@plyramidal structure while the contribution
from the other side is small. This pyramidal stuoe corresponds to the®so be exact, Sp)
hybridized nitrogen. That is, the planarity hatame impact on the hybridization and the
shape of HOMO. Since holes are transported thranighmolecular overlaps of HOMOs, the

planarity is considered to be a crucial factortole transports.

2.3.6. Planarity Effects on Intermolecular Distane

Intermolecular packing also affects the interrooler overlaps of HOMO. To estimate the
effect of planarity around the nitrogen on interemlilar packing, the intermolecular repulsion
energies were calculated. For simplicity, the dalitons were performed for TPA. Fig. 2.9
shows the repulsion energies between two TPA midedor planar § + 6, + 6; = 36¢) and
pyramidal @, + 6, + 8; = 310) structures as a function of intermolecular distaalong theC;
axis. It is clear from the DFT-calculated restuts=ig. 2.9a that the repulsion energy for the
pyramidal structure is more than twice as largethad of the planar structure. A similar
conclusion is arrived at if one uses Hatree-Fodkutations, although the repulsion energies in
Fig. 2.9b are slightly larger than the DFT result$herefore, the intermolecular distance for
the planar structure can be shorter than that Her gyramidal structure. Accordingly, the

planar structure should be advantageous for hatesports.
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2.4. Conclusion

The conformation of amorphous TPD, a hole-trartspraterial in OLEDs, was analyzed by
solid-state®N NMR and DFT calculations. DFT calculations reeeathat the®N CSA span
significantly depends on the planarity and theitora&ngles around the nitrogen atom, and that
these structural parameters can be qualitativelieraened from the CSA span. The
experimental®N CSA span for amorphous TPD is in good agreeméttt tive calculated CSA
spans for the DFT-optimized TPD. This leads to toaclusion that the DFT-calculated
structure of a single TPD molecule reflects theicitrre in the condensed amorphous state.
The some differences were found between the previkRD and DFT-optimized structures,
which would originate from the crystalline packiaffect. Additionally, from the solid-state
NMR and DFT studies, many stable conformers arsidened to exist in the amorphous state.

The significant structural dependence of fiNechemical shift parameters also indicates that
the electron structure around the nitrogen nuctkffier by the geometry. Thus, the planarity
and the torsion angles are crucial factors fordharge transport properties. Especially, it is
found that the planarity around the nitrogen attrongly affects the shape of HOMO and the
intermolecular distance, suggesting that the platicture is advantageous for large
intermolecular overlaps of HOMO.

The molecular structure analyzed in this studyldde the structure in average. Disorders
will exist in the amorphous state. In order toedetine the structure including the disorders,
advanced solid-state NMR experiments, such as imesbkional double-quantum (2D

DOQSY) solid-state NMR experiments [22-24], are noyerogress in our laboratory.
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Chapter 3
Conformational Dependence of
Diamagnetic and Paramagneti¢®N NMR Shieldings and
Charge-Transport Property of TPD

3.1. Introduction

In Chapter 2, the molecular structure of amorghdiN’-diphenylN,N’-di(m-tolyl)benzidine
(TPD) (see Fig. 3.1) was investigated, revealirad the planarity and conformation around the
nitrogen atom strongly affect théN chemical shift anisotropy (CSA). The planaritasv
expressed as the summation of the three bond aaigiaad the nitrogen ator®, (= JC4NC5)
+ 0, (= 0C4NC9) +6; (= OC5NC9), and the conformation around the nitroges kepresented
by the torsion anglesy (= OC3C4NC5),3 (= OC6C5NC4), andy (= OC10C9ONC4). The
difference between the principal values'™ chemical shift tensog,; — 033, referred as CSA
span was as narrow as 15 ppm for the DFT-optimiZe. This calculated CSA span agreed
well with the experimental CSA span for the amorghctate. The quantum chemical
calculations revealed that the CSA span increasaadre than 100 ppm, depending on the
planarity and the conformation. Because NMR pataragincluding the CSA span, reflect the
electronic structure around the nucleus, the resudticates that the molecular structure of TPD
strongly affects the electronic structure arounel titrogen, which has large contribution to
HOMO and therefore closely relate to the hole-fpansproperty [1,2]. In Chapter 2, it was
shown that the nitrogen atom is*8@nd sp® hybridized in the plana®( + 0, + 8; = 360) and
pyramidal @, + 6, + 6; = 310) structures of TPD, respectively. It was suggkstat the
planar structure is more favorable for hole tramtspthan the pyramidal structure, because the

spf hybridized nitrogen atom and the shorter intermualier distance for the planar structure are
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Fig. 3.1. The chemical structure of TPD. Te3, andy indicate the
torsion angles, OC3C4NC5, OC6C5NC4, and OC10C9NC4,
respectively. The xyz axes in the Cartesian coaitdi system are also
shown. The z-axis is vertical to the nitrogen-eestl plane, the
y-axis is parallel to the N-C4 bond, and the x-d@giperpendicular to

the z- and y-axes.
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Fig. 3.2. The'®N CSA spang; — 033, Of TPD as a function of torsion angles,
(a) a and (b)B, under the assumption Bf=y. All the other parameters are
fixed to the optimized values. The open circled &@lhed squares represent
the values for the right and left nitrogen nuctespectively. The calculations
were performed at the DFT B3LYP/6-31G(d) level.
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advantageous for the intermolecular overlaps of HiBMwhich are crucial for intermolecular
charge transports by hopping mechanism.

It can be considered that the torsion angte8, andy, also affect the electronic structure and
the hole-transport property, based on the torsiwgles dependences of th® CSA span as
described in Chapter 2 (the dependences are shiokig.i3.2). The aims in this chapter are to
clarify the origins of the conformational dependemd the’®N CSA span of TPD and to show
the relationship between the conformation and ehktnansport property. For the analyses of
the CSA span, the NMR shielding constants are divithto the diamagnetic shielding and

paramagnetic deshielding terms, according to Ramsigégory [3]. The diamagnetic and

sy dia y para

paramagnetic termsgy, ° andgy,’ ™, are expressed by Egs. 3.1 and 3.2, respecti8edy. [

2
dia — € Hy 1 Tl
g r=—r2<0 ——-——)|0> 3.1
i —" |;(r1 7 )| (3.1)
Ly
. <OIT L In><n|Y % (0>
wpara _ € Hy i I
o' = E 3.2
Y 8m? 4 E,-E, (3.2

Here,t, u = (X, y, z),r; is the distance of thgh electron from the nucleus, and [0> and |n>
denote the ground and thth excited states, respectivelyl is thet component of the angular

momentum of thgth electron. The parameters @fm, and 1y are the elementary charge,

electron mass, and vacuum permeability, respegtivdt can be seen from Eqg. 3.1 that the
diamagnetic term relates to the spherical electtensity in the ground state, because it is
described by the distance of the electrons fromniideus. From Eg. 3.2, the paramagnetic
term is shown to relate to the electron mixing lestw the ground and excited states, and

inversely proportional to the energy differencenmsn the states. The electron mixing can be
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(a) occupied lone pair orbital (b) virtual " orbital

Fig. 3.3. The lone pair orbital (a) andorbital (b) of a formaldehyde molecule
[6]. The 90 rotated occupied lone pair orbital about the zaxierlap well
with the virtualrt orbital.

visualized by the rotated occupied orbital aboettthxis, when the magnetic field is applied
along thet direction [5-9]. If the rotated orbital has gooderlap with the virtual orbital, a
local paramagnetic field is produced. For examipléhe case of formaldehyde shown in Fig.
3.3, the 90 rotation of the about the z-axis is consideredtfar lone pair orbital when the
magnetic field is applied along the z direction.heTrotated lone pair orbital overlaps with the
virtual T orbital to produce significant paramagnetic de&hing for the oxygen nucleus [6].
Through the analyses of the diamagnetic and panaatiagerms of thé°N NMR shieldings of
TPD in different conformation, the conformationapgndence of the electronic structure of

TPD is investigated, considering the relationshiihwhe charge-transport property.

3.2. Computational Section
For the DFT-optimized geometry of a TPD molealgscribed in Chapter 2, the diamagnetic
and paramagnetiéSN NMR shielding tensor componentsr,,, o'y, and g, which

respectively correspond to the magnetic shieldialg;g the x, y, and z directions, were
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calculated. As shown in Fig. 3.1, the z-axis istigal to the nitrogen-centered plane, the
y-axis is parallel to the N-C4 bond, and the x-aisisperpendicular to the z- and y-axes.
Similarly in Chapter 2, the calculations were @rout varying the torsion angke,or 3, from

0° to 180 with the interval of 18 The torsion angles of°tGand 186 correspond to the
conformation, for which the nitrogen-centered plame the rotated benzene ring are in the
same plane. The calculations were performed asguthat thel andy values are equivalent
due to the structural similarity. The other partare are fixed to the DFT-optimized values.
In order to analyze the origins of the conformagiodependences of the tensor components
based on Egs. 3.1 and 3.2, the occupied and vix@sd were investigated for the conformers
with different o and B values. The calculations were performed at HF/SBOlevel,
comparing the results obtained by B3LYP/6-31G(dywations [10-13]. This is because the
physical meaning of DFT-calculated MOs is uncertdia-17], although it gave reasonable
results for the NMR parameters in Chapter 2. Hason for the selection of STO-3G basis set
is the constitutive understanding of the NMR pari@nse although larger basis sets are suitable
for the quantitative NMR analyses, diffused elettran the large basis sets would make the
essential understanding of the NMR phenomena ceatplil and obscure.

For the detailed investigations of NMR shiledingatural chemical shielding (NCS) analyses
[4,6] combined with the natural bond orbital (NB[2B-21] calculations were also performed.
The NBO is the orbital which is constructed to oyatily describe the electron density between
the two centers (Lewis bond orbital) or on singdater (lone pair). All of the bondirgandrt
orbitals and the non-bonding lone pair orbital&iiPD molecule can be described by NBOs.
The NCS analyses divide the NMR shieldings intodtwtributions from each natural localized
MO (NLMO) [22], which consists of a parent NBO asliyhtly occupied anti-bonding orbitals

to have full occupancy €. All the calculations were performed with the ussian 09
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program [23].

3.3. Results and Discussion

3.3.1. Torsion Angleax Dependence of°N NMR Shielding

Fig. 3.4a show the torsion angledependence of théN NMR shielding tensor components
of TPD, calculated by B3LYP/6-31G(d) levels. THee&ding tensor components;y, 0y,
and 0’,,, are shown. It is suggested from Fig. 3.4a thatd', and o’,, values strongly
depend on the torsion angke while theo’, values are almost plateau irrespectiver ofalue.
The difference between the maximum and minimum elfor theo’y,, o'y, and o',
components are 78, 11, and 36 ppm, respectivellg. F4a indicates that the difference
between the x and z components qualitatively careelith the torsion angle dependence of
the’>N CSA span in Fig. 3.2a. Note that the dependehtieed’,, value in Fig 3.4a is almost
symmetrical with respect tax = 9, while that of theo’,, value is not; the maximum and
minimum values for the’,, value occur atx = 140 and 40, respectively. As a consequence,
torsion anglex dependence of tHeN CSA span is not symmetrical with respectite 90.

For the detailed investigations, the diamagnatid paramagnetic terms of the shielding
tensor components are separately shown in Figs.&$1d3.4c, respectively. It is clear that the
paramagnetic terms governs tbedependence of thEN shielding tensor components; the
difference between the maximum and minimum valdabe diamagnetic components are less
than 15 ppm for all the tensor components, whileséhof the paramagnetic xx, yy, and zz
components are 68, 11, 35 ppm, respectively. fibusd that the paramagnetic valuesob

ando’,, are dominant for the torsion angledependence dfN CSA span.
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Fig. 3.4. Torsion anglen dependence of thé°N NMR shielding tensor
components,d’yx (*), 0y (0), and a';, (m), of TPD. The other structural
parameters are fixed to the optimized values. *FNeNMR total shieldings,
diamagnetic  shieldings, and paramagnetic shieldingslculated at
B3LYP/6-31G(d) levels are respectively shown in, (&), and (c). And those
calculated at HF/STO-3G level are shown in (d), éeyl (f), respectively.
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The results obtained by HF/STO-3G calculations shown in Figs. 3.4d-3.4f. It is
suggested that the torsion anglelependence of the total NMR shielding is also datad by
the paramagnetic term, similarly to the B3LYP/6-8d)G calculations. The differences
between the maximum and minimum values of the pagatic xx, yy, and zz components are
67, 8, 22 ppm, respectively. The most extreme rpagmetic values are obtainedcat 0°
(-99 ppm), 90 (-32 ppm), and 180(-99 ppm) fora’,, anda = 30-40° (-66 ppm) and 140
- 150 (-44 ppm) fora’,,.  Although the absolute values are different betwthe results of the
B3LYP/6-31G(d) and HF/STO-3G calculations, the smzy of the torsion angke dependence
of each tensor components is qualitatively comparatith each other, especially for the
paramagnetic components. Hereafter, HF/STO-3Q Isuesed to analyze the torsion angle
dependence of the paramagnetic NMR shieldings ttenstand the constitutive origins of the

torsion anglex dependence of tHéN CSA span.

3.3.2. NCS Analysis for the Torsion Anglex Dependence of the Paramagnetic NMR
Deshielding

In order to comprehend which orbitals yield th@rston anglea dependence of the
paramagnetioo’,, and o',, values, NCS analyses were performed for TPD wifferént
a value. In the framework of NCS analysis, the shie tensor components are divided into
the contribution from each NLMO. Although infornaat on virtual MOs cannot be obtained
from the analysis, it is a powerful method to irtigeste the origins of the NMR shielding
[4,6,24-26]. There are 137 NLMOs for TPD and thieogen-related NLMOs correspond to
the o orbitals of the N-C4, N-C5, and N-C9 bonds andltime pair orbital of the nitrogen. In
Fig. 3.5a, the paramagnetit,, value is divided into the contributions from th&ragen-related

NLMOs and the other 133 NLMOs. ltis clear fronstfigure that the nitrogen-related
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Fig. 3.5. Torsion anglen dependence of théN paramagnetic shielding
components, (ad'yx and (b)o',,, of TPD, divided into the contributions from the
nitrogen-related NLMOs-] and the other NLMOso(. The nitrogen-related

NLMOs correspond to the lone pair orbital and therbitals of the three N-C

bonds around the nitrogen. The other NLMOs ineidatal contribution from

the remaining 133 NLMOs. The calculations werefgrered at HF/STO-3G

level.
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Fig. 3.6. Torsion anglen dependence of thé®N paramagnetic shielding

components, (a@'yx and (b)o',;, of TPD, divided into the contributions from the
lone pair orbital {) and theo orbitals of the three N-C bonds around the nitnpge
N-C4 (©), N-C5 (@), and N-C9{). The calculations were performed at
HF/STO-3G level.
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NLMOs are dominant for the torsion anglelependence of the paramagnetig value. This
indicates that the electronic structure aroundnitregen nucleus in the y-z plane is affected by
the rotation of the N-C4 bond. The other 133 NLMRmdly affect the torsion angle
dependence of thBN CSA; the contribution from each NLMO is small, time range of -55
ppm. The shielding contributions from the nitrogetated NLMOs are further divided into
the contribution from each NLMO as shown in Figa3. It is revealed that the torsion angle
dependence of the paramagnetig values are dominantly caused by therbital of the N-C4
bond (-34- 7 ppm) and the nitrogen lone pair orbital (-1 ppm), while the contributions
from the othelo orbitals are small (-6 -1 ppm). The contributions from these orbitals ban
understood as follows. The paramagnetic NMR dédihigg along the x direction is caused by
the electronic mixing of the rotated occupied @bdround the x-axis and the virtual orbital,
according to Eq. 3.2. Therefore, for the paramagre,, value, the relevant occupied and
virtual orbitals should be in the y-z plane. Thesgible pairs of orbitals are (1) tbeand
orbitals of the N-C4 bond and (2) the nitrogen lpa@ orbital ands” orbital of the N-C4 bond.
For both of the pairs, the 9@otated occupied orbital around the x-axis canrlapewith the
virtual orbital as shown in Fig. 3.7 (the steregscat orbital is not shown because the orbital
is not directly recognized in the analysis as dbedr later). The large contributions from
these occupied orbitals are corroborated by the M&dt in Fig. 3.6a.

Fig. 3.5b shows the paramagnett,, value divided into the contributions from the
nitrogen-related NLMOs and the other NLMOs. Ifasind that the nitrogen-related NLMOs
are dominant for the torsion angtedependence of the paramagnetig value, indicating that
the electronic structures around the nitrogen mscl® the x-y planes are affected by the
rotation of the N-C4 bond. The shielding contribogs from the nitrogen-related NLMOs are

further divided into the contribution from each NIVas shown in Fig. 3.6b. It is revealed
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(a) N-C4 ¢ orbital (b) lone pair orbital

Ve e
(oY R

Fig. 3.7. NLMOs which contribute to tH&\ paramagneti@’,, deshielding of TPD; the
orbital of the N-C4 bond (a), lone pair orbital (i orbital of the N-C4 bond (c), arf
orbital of the N-C4 bond (d). Both the stereoscopnages obtained by HF/STO-3G
calculations and schematic cross-sections in thehagne are shown. The isosurface value
for the stereoscopic images is 0.05 a.u. The aeeduprbitals rotate in the y-z plane as
indicated by dotted arrowed limevhen the magnetic field is applied along the redtion.
The stereoscopic image of titeorbital of the N-C4 bond is not shown, becauseotibital is
not directly recognized in the analyses.
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(a) N-C4 o orbital (b) N-C5 o orhital (c) N-C9 o orbital

(d) N-C4 o* orbital (e) N-C5 o orbital (f) N-C9 c* orbital

Fig. 3.8. NLMOs which contribute to tH&N paramagneti@’,, deshielding of TPD;
the o andac” orbitals of the N-C4, N-C5, N-C9 bonds. Both tereoscopic images
obtained by HF/STO-3G calculations and schematisszsections in the x-y plane are
shown. The isosurface value for the stereoscopages is 0.05 a.u. The occupied
orbitals rotate in the x-y plane as indicated bitetbarrowed lines when the magnetic
field is applied along the z direction.
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that thec’,, value is subjected by the orbitals of the three N-C bonds, although the hlso
value of each contribution is small (=80 ppm). The contribution of the lone pair orbital
negligible (0 ppm irrespective af value). It can be considered that the paramagmet}
valueis produced by the electron mixing betweendrendo” orbitals of the N-C4, N-C5, and
N-C9 bonds, which are in the x-y plane (see Fig).3. For example, the rotatedorbital of the

N-C4 bond can overlap with thee’ orbitals of the N-C5 and N-C9 bonds.

3.3.3. Origins of the Torsion Anglea Dependence of the Paramagnetic NMR Deshielding
Here, the origins of the torsion angledependence of the paramagnetig, andao’,, values
are investigated. To understand the origins of thksion anglea dependence of the
paramagnetic tensor components, three possibiditesonsidered based on Eq. 3.2. The first
possibility is the energy difference between theupied and virtual orbitals, because the
paramagnetic deshielding value is inversely propoal to the energy difference. Fig. 3.9
shows the orbital energies of the nitrogen-relateclipied and virtual NBOs. It is suggested
from Fig. 3.9 that the energies are almost stabdspective of the value, and thus, the energy

difference is not the cause of the torsion armglelependence of th€N NMR shielding.
However, it can be explained from Fig. 3.9 why plaesamagnetio’,, contributions from the
orbitals of the N-C bonds are smaller than the mpagnetico’,, contributions from the lone
pari orbital. From Fig. 3.9, the energy differefmween thes ando™ orbitals is as large as
42-43 eV. The smaller energy difference betweerldghe pair and” orbitals, 27-28 eV, make
it possible to produce larger paramagnetig contribution. A remaining question is that, in
Fig. 3.9, the NBO analyses did not output orbitalresponding to the orbital between the
N-C bonds, which would overlap with the ®fbtated lone pair orbital to produce tbg,

deshielding. This is because the nitrogearbital is recognized as the nonbonding lone pair
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orbital rather than therbonding orbital in the analyses. Instead,tH®nding characteristic
of the N-C bond is expressed by the stabilizatioergy of the lone pair orbital by the
interaction with theat orbitals of the benzene rings. The larger thbilstation energy is, the
stronger them bonding andm anti-bonding characteristics are. Fig. 3.10 shaws
stabilization energies of the lone pair orbital by the interaction with the orbitals of the
biphenylene, phenyl, and tolyl rings. It is clebat the interaction between the lone pair
orbital and the biphenylere orbital is the strongest for the conformers witk (°, 180 and
that the weakest interaction is found for the comfer witha = 9¢°.  The result indicates that
the 1t bonding andt”’ anti-bonding characteristics of the N-C4 bond e most significant
when thea value is 6 or 180 and insignificant whea = 9¢°. The tendency is consistent with
the torsion angle dependence of the paramagnetig value. It can be considered that the
andTt orbitals and thetando™ orbitals of the N-C4 bond strongly interact witich other to
produce the paramagnetic,, deshielding when the benzene ring of the biphemylmoiety
and the nitrogen-centered plane are parallel th eter.

The second possibility of the torsion angledependences of the paramagnétid NMR
deshieldings is the geometrical change of the NB@sich is quantified by the orbital
coefficients. If the orbital coefficients vary Wwithe torsion angle, the overlap between the
occupied and virtual NBOs which produce the pararatig deshielding is also changed, based
on Eq. 3.2. The orbital coefficients of the niteogrelated occupied and virtual NBOs are
represented in Table 3.1 for some conformers. allel'3.1, only the coefficients fprorbitals
are shown, becauseorbitals do not contribute to the paramagnetichadding due to the
angular momenta of O (see Eg. 3.2). From TableiBi4d clear that the coefficients are almost
independent of the value. Therefore, torsion angiedependence of the paramagnétié

NMR deshieldings cannot be explained by the orbivefficients.
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The last possible cause for the torsion anglesiéggnce is the interaction between the
occupied and the virtual NBOs. Fig. 3.11 showsitieraction energy between toeando
orbitals of the N-C bonds. No other interactionsrevdetected between the nitrogen-related
orbitals. It is suggested from Fig. 3.11b thatshexmation of the interaction energies closely
relate with the torsion angte dependence of the paramagnetig value in Figs. 3.4f, 3.5b, and
3.6b. The strong interaction in the x-y plane @nsidered to produce the significant
paramagnetic deshielding along the z-axis. Thisnher confirmed investigating the torsion

anglep dependence of the paramagnetig value.

Table 3.1. Orbital coefficients of the nitrogenateld NBOs ¢ anda” orbital of the N-C4, N-C5,
and N-C9 bonds and lone pair orbitals) for the oomer witha = 0, 40, 90, 140, and 180

The other structural parameters are fixed to thémiped values. The calculations were
carried out at HF/STO-3G level.

N-C4 o orbital N-C5a0 orbital N-C9o orbital lone pair orbital
o / degree
Px Py Pz Px Py Pz Px Py Pz Px Py Pz
0 0.00 -0.62 0.00 0.54 0.31 0.00 -0.54 0.21 0.00 0.00 000 0-1.0
40 0.00 -0.62 0.00 0.54 0.31 0.00 -0.54 0.31 0.00 0.00 0.00 00-..
90 0.00 -0.62 0.00 0.54 0.31 0.00 -0.54 0.31 0.00 0.00 0.00 00-..
140 0.00 -0.62 0.00 0.54 0.31. 0.00 -0.54 0.31 0.00 -0.01 0.0a..00-
180 0.00 -0.62 0.00 0.54 0.31 0.00 -0.54 0.31 0.00 0.00 0.00.00-1
N-C4c"” orbital N-C5c" orbital N-C9c" orbital
o / degree
Px Py Pz Px Py Pz Px Py Pz
0 0.00 0.52 0.00 -0.46 -0.26 0.00 0.45 -0.26 0.00

40 0.00 0.53 0.00 -046 -0.26 0.00 0.46 -0.26 0.00
90 0.00 0.53 0.00 -046 -0.26 0.00 0.46 -0.26 0.00
140 0.00 0.53 0.00 -0.4€ -0.26 0.00 046 -0.26 0.00
180 0.00 0.52 0.00 -04€ -0.26 0.00 046 -0.26 0.00
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Fig. 3.11. Torsion angletr dependence of the stabilization energy for ¢he
orbitals of the N-C4 <« ©), N-C5 @, o), and N-C9 ¢, 0) bonds by the
interaction with thes” orbitals. The stabilization energy for each iation is
shown in (a) and the total stabilization energstiswn in (b). The calculations
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3.3.4. Torsion AngleB Dependence of°N NMR Shielding

Fig. 3.12 show the torsion angledependence of théN NMR shielding tensor components
of TPD, calculated by B3LYP/6-31G(d) and HF/STO-B@els. The total, diamagnetic, and
paramagnetic shielding tensor componeatg,, ¢’y,, anda’,,, are shown. As in the case of
the torsion anglen dependences in Fig. 3.4, the torsion arfyjldependences obtained by
B3LYP/6-31G(d) and HF/STO-3G calculations are datiliely comparable, although the
absolute values are different from each other.is Iihdicated from Figs. 3.12a and 3.12d that
the difference between the y and z componentslatererith the torsion anglé dependence of
the ®N CSA span. Focusing on the result by HF/STO-3Butations in Figs. 3.12¢B.12f,
the torsion angl@ dependences of tH&N shielding tensor components are subjected by the
paramagnetic terms; the difference between the mmaxi and minimum values for the
paramagnetio’,, 0'yy, anda’,, components are 41, 107, and 48 ppm, respectwlye the
those for the diamagnetic components are less 2happm. Considering these results, the
torsion angléd dependences of tH&N CSA span of TPD is dominated by the paramagrmeic
andao’,, components. Note that the torsion arfylgependence of the paramagnetig value
is symmetrical with respect tB = 9¢°, while that of theo’,, value is not; the extreme
deshielding values for the paramagneftig component appear ft= 30— 40° (-67 ppm) ang®
=0, 180 (-19 ppm), respectively. This makes the torsingl@B dependence of tHéN CSA

span asymmetrical with respectte 9C¢° as shown in Fig. 3.2b.
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Fig. 3.12. Torsion anglp dependence of thHéN NMR shielding tensor components,
O'x (¢), 0y (o), anda',, (m), of TPD. TheP andy values are assumed to be equal
and the other structural parameters are fixedawmfitimized values. THéN NMR
total shieldings, diamagnetic shieldings, and pagmetic shieldings calculated at
B3LYP/6-31G(d) levels are shown in (a), (b), and fespectively. Those calculated
at HF/STO-3G level are shown in (d), (e), andréspectively.
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3.3.5. NCS Analysis and Origins of the Torsion Arig B Dependence of the Paramagnetic
NMR Deshielding

Here, orbitals contribute to the paramagnetig ando’,, values are investigated by NCS
analyses. Fig. 3.13a shows the torsion afigiependence of the paramagnetig, value
divided into the contributions from the nitrogemated 4 NLMOs and the other 133 NLMOs.
It is found that the contribution from the nitrogexiated NLMOs is dominant for the torsion
anglef3 dependence. The difference between the maximuhtmanimum values is 113 ppm
for the contribution from the nitrogen-related NLIgIQvhile that for the total contribution from
the other 133 NLMOs is only 7 ppm. For more detiiinvestigations, Fig. 3.14a shows the
torsion anglel dependence of the paramagnetig, value produced by each nitrogen-related
NLMO. Itis clear that the orbitals of the N-C5 and N-C9 bonds and the logie @rbital are
dominant for the torsion anglg dependence. It can be considered that the ddsigeis
produced by the overlaps between (1) therdtated lone pair orbital around the y-axis arel th
o orbitals of the N-C5 and N-C9 bonds and (2) theréatedo orbitals of the N-C5 and N-C9
bonds around the y-axis and thieorbitals of the N-C5 and N-C9 bonds. The N-C4ddoes
not contribute to the paramagnetic, value, because it is parallel to the y-axis, dnttthe y
component of the orbital angular momentum is etuél Fig. 3.15 shows the torsion anfile
dependence of the orbital energies of the nitragéated occupied and virtual NBOs. The
corresponding orbital coefficients are shown inl@ak2 for several conformers. As in the
case of Fig. 3.9 and Table 3.1, the energy levets arbital coefficients are almost stable
irrespective of th@ value, and thus, these are not the cause of thiemcanglgd dependence of
the ®N NMR deshielding. Fig. 3.16 shows the stabili@atenergies of the lone pair orbital
caused by the interaction with tmeorbital of the biphenylene, phenyl, and tolyl 8ng It is

found that the stabilization energies betweendhe pair orbital and the orbitals of the
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HF/STO-3G level.

The calculations were performed at
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-30

Table 3.2. Orbital coefficients of the nitrogenateld NBOs ¢ anda” orbital of the N-C4, N-C5,
and N-C9 bonds and lone pair orbitals) for the oomer with = 0, 40, 90, 140 and 180

The other structural parameters are fixed to thenaped values, assuming th@t=y. The

calculations were carried out at HF/STO-3G level.

N-C4 o orbital N-C5a0 orbital N-C9o orbital lone pair orbital
B/ degree
Px Py Pz Px Py Pz Px Py Pz Px Py Pz
0 0.00 -0.62 0.00 0.54 0.31 0.00 -0.54 0.21 0.00 0.00 000 0-1.0
40 0.00 -0.62 0.00 0.54 0.31 0.00 -0.54 0.31 0.00 0.00 0.00 00-..
90 0.00 -0.62 0.00 0.54 0.31 0.00 -0.54 0.31 0.00 0.00 0.00 00-1.
140 0.00 -0.62 0.00 0.54 0.31 0.00 -0.54 0.31 0.00 -0.01 0.0a..00-
180 0.00 -0.63 0.00 0.54 0.31 0.00 -0.54 0.31 0.00 0.00 0.00.00-1
N-C4c"” orbital N-C5c" orbital N-C9c" orbital
B/ degree
Px Py Pz Px Py Pz Px Py Pz
0 0.00 0.53 0.00 -0.45 -0.26 0.00 0.45 -0.26 0.00

40 0.00 0.53 0.00 -046 -0.26 0.00 046 -0.26 0.00
90 0.00 0.53 0.00 -046 -0.27v 0.00 0.46 -0.27 0.00
140 0.00 0.53 0.00 -0.4€ -0.26 0.00 046 -0.26 0.00
180 0.00 0.53 0.00 -04t -0.26 0.00 045 -0.26 0.00
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phenyl and tolyl rings are the largest for the comfer with = 0, 180 and the smallest for the
conformer of = 9¢°. The tendency is consistent with the torsion efigdependence of
paramagneti@’, value, suggesting that tleeand Tt orbitals and thetando” orbitals of the
N-C5 and N-C9 bonds strongly interact with eachepotto produce the paramagnetic,
deshielding when the benzene ring of the phenyltalydl moieties and the nitrogen-centered
plane are parallel to each other.

Fig. 3.13b shows the paramagnetic, values divided into the contributions from the
nitrogen-related NLMOs and the other NLMOs. Itfésind that the difference between the
maximum and minimum values is 30 ppm for the n#mgelated NLMOs, while that for the
other 133 NLMOs is 20 ppm. The contribution frorack nitrogen-related NLMO is
separately shown in Fig. 3.14b. It is clear thegtd orbitals of the N-C4, N-C5 and N-C9
bonds subject the paramagnetic deshielding, whidelone pair orbital hardly produces the
paramagnetic deshielding. It can be considered the rotatedo orbitals around z-axis
overlap with theo” orbitals to produce the paramagnaiig, value, as discussed in Fig. 3.8.
The relatively small deshielding from tlseorbitals are attributed to the large energy differe
between theo and ¢ orbitals as shown in Fig. 3. 15. The origins lué torsion anglg
dependence of the paramagnetig value can be understood by the interaction enleegyween
theo andao” orbitals in Fig. 3.17. The large total interantio Fig .3.17b almost corresponds

to the significant’,, deshielding in Figs. 3.12f, 3.13b, and 3.14b.
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3.3.6. Conformational Dependence of HOMO and LUMO

In Fig. 3.18, HOMO for the DFT-optimized geometfyTPD is shown. It is suggested that
the HOMO consists of the nitrogen lone pair orkitahd thert orbitals of the benzene rings.
From the above investigations, it was found thtgraction between the lone pair orbitals and
orbitals is strongly affected by the torsion angle@sand. This indicates that the torsion
angles would have considerable influence on the IWOMFig. 3.19a shows the torsion angle
dependence of the HOMO, expressed by the summattithe squares of the MO coefficients in
percentage for respective molecular moieties, géng biphenylene, phenyl, and tolyl moieties.
The calculations were carried out by B3LYP/6-31G{dgthod. The HOMOs for the
representative conformers are illustrated in Fig83 From Figs. 3.18 and 3.19a, it is found
that the HOMO is almost localized on the biphengland nitrogen moieties for the conformers
with a = 0, 180, for which the lone pair orbital and the biphemgder orbitals strongly interact
with each other (see Fig. 10). In contrast, thevlDis localized on the nitrogen, phenyl, and
tolyl molieties for the conformer with = 9C, for which the interaction between the lone pair
orbital and the biphenylerreorbitals is smaller than that between the lone gad Tt orbitals of
the phenyl and tolyl rings. Similarly, Fig. 3.18hows the torsion ang[e dependence of the
HOMO. The HOMO is mostly delocalized over the noole for the conformer witl = O,
18C°. In contrast, for the conformer wifh= 9¢, the HOMO is localized on the biphenylene
moiety. For the DFT-optimized conformer, for whitte a and3 values are ~40[2,27,28],
the HOMO is relatively delocalized over the moleguthe largest contribution is from the
biphenylene moiety, 40%. Because, in Chapter & diocalization of the frontier orbitals is
shown to be advantageous for intermolecular chiaegesports in condensed TPD, the relatively
delocalized HOMO of the DFT-optimized geometry ddobe favorable for hole transports.

Consistent results were obtained from the HF/STQz8IGulations as shown in Fig. 3.20,
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Fig. 3.20. Torsion angles, (& and (b)B, dependences of HOMO of TPD,
expressed by the summation of the squares of thed@icients in percentage
for respective molecular moieties, nitrogeh biphenylened), phenyl @), and

tolyl (0). The 3 andy values are assumed to be equal and all the other
structural parameters are fixed to the optimizeldesa The calculations were
performed by HF/STO-3G method.
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supporting the results obtained by B3LYP/6-31G@lYualations.

The torsion anglesy and 3, dependences of the LUMO, calculated by B3LYP/6-@0G
method, are shown in Figs. 3.21a and 3.21b, respict For comparison, the HF/STO-3G
results are shown in Fig. 3.22. The LUMOs for tdygresentative conformers are illustrated in
Fig. 3.23. It is found from Figs. 3.21-3.23 that thUMO is extremely localized on the
biphenylene moiety irrespective af andp values, except the DFT results for the conformer
with B O 9¢°. The inconsistency between the HF and DFT resimikcates that the
DFT-calculated MOs should be dealt with carefulfBecause the physical interpretation of the
MOs is controversial [14-17], the detail is notadissed in this study. As discussed in Chapter
5, the localized LUMO on the central biphenyleneiethois unfavorable for intermolecular
electron transports, suggesting the inferior etectransport property of TPD, irrespectivecof

andp values.
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Fig. 3.21. Torsion angles, (&) and (b)p, dependences of LUMO of TPD,
expressed by the summation of the squares of thed&dicients in percentage
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Fig. 3.22. Torsion angles, (@) and (b)B, dependences of LUMO of TPD,
expressed by the summation of the squares of thedd@icients in percentage
for respective molecular moieties, nitroge piphenylene), phenyl @), and

tolyl (7). The andy values are assumed to be equal and all the other
structural parameters are fixed to the optimizeldesa The calculations were
performed by HF/STO-3G method.
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3.4. Conclusion

The origins of the torsion angles,andp, dependences of tH&N CSA span of TPD were
analyzed, dividing the NMR shieldings into the damgnetic shielding and paramagnetic
deshielding terms with the help of NCS analysid. was revealed that the torsion angles
dependences are dominated by the paramagneticettbsgiterm, rather than the diamagnetic
shielding term. For the parallel direction to thiérogen-centered plane, the paramagnetic
deshielding is caused by the nitrogenorbital and the orthogonal component of the NrC
orbitls to the magnetic field. The deshieldingaffected by the interaction between the
nitrogen lone pair orbital and theorbitals. For the vertical direction to the ngem-centered
plane, the paramagnetic deshielding can be astzitbalihe interactions between tbeandao’
orbitals of the N-C bonds, although the contribagicare small due to the large energy gaps
between the orbitals.

It was also found that the distribution of HOM® largely changed depending on the
conformation. The HOMO is localized on the nitrogand benzene rings which strongly
interact with the nitrogen lone pair orbital. Rbe DFT-optimized conformation, the HOMO
is relatively delocalized over the molecule. Thkvantageous of the delocalization for hole
transports is shown in Chapters 5 and 6. On therdtand, it was suggested that the LUMO is
almost delocalized on the biphenylene moiety, iatitig) the inferior electron-transport property

of TPD.

References
[1] K. Sugiyama, D. Yoshimura, T. Miyamae, T. Migdz, H. Ishii, Y. Ouchi, K. Seki, J. Appl.
Phys. 83 (1998) 4928.

[2] B. Lin, C. Cheng, Z. Lao, J. Phys. Chem. A 1R0@03) 5241.

68



[3] N.F. Ramsey, Phys. Rev. 91 (1953) 303.

[4] J. Bohmann, T.C. Farrar, J. Phys. Chem. 109§12646.

[5] Y. Ruiz-Morales, G. Schreckenbach, T. ZieglePhys. Chem. 100 (1996) 3359.

[6] J.A. Bohmann, F.Weinhold, T.C. Farrar, J. Ch&ys. 107 (1997) 1173.

[7] K.W. Feindel, K.J. Ooms, R.E. Wasylishen, Pigsem. Chem. Phys. 9 (2007) 1226.
[8] G.G. Briand, A.D. Smith, G. Schatte, A.J. RogsR.W. Schurko, Inorg. Chem. 46 (2007)
8625.

[9] J.W.E. Weiss, D.L. Bryce, J. Phys. Chem. A {2@10) 5119.

[10] A.D. Becke, Phys. Rev. A 38 (1988) 3098.

[11] A.D. Becke, J. Chem. Phys. 98 (1993) 1372.

[12] A.D. Becke, J. Chem. Phys. 98 (1993) 5648.

[13] C.T. Lee, W.T. Yang, R.G. Parr, Phys. Rev.73(B988) 785.

[14] R.G. Parr, W. Yang, Density Functional TheofyAtoms and Molecules, Oxford University
Press, New York, 1989.

[15] P. Politzer, F. Abu-Awwad, Thor. Chem. Acc. @998) 83.

[16] R. Stowasser, R. Hoffmann, J. Am. Chem. S@4. (11999) 3414.

[17] D.P Chong, O.V. Gritsenko, E.J. Baerends,hker@. Phys. 116 (2002) 1760.

[18] J.P. Foster, F. Weinhold, J. Am. Chem. So@ @®80) 7211.

[19] A.E. Reed, F. Weinhold, J. Chem. Phys. 78 B3®66.

[20] A.E. Reed, R.B. Weinstock, F. Weinhold, J. @h&hys. 83 (1985) 735.

[21] A.E. Reed, L.A. Curtiss, F. Weinhold, ChemvR&8 (1988) 899.

[22] A.E. Reed, F. Weinhold, J. Chem. Phys. 83 §) 98 36.

[23] M.J. Frisch et al., Gaussian 03, Revision E®4aussian, Inc., Wallingford CT, 2004.

[24] E. Kleinpeter, S. Klod, J. Am. Chem. Soc. 12604) 2231.

69



[25] P.R. Seidl, J.W.M. Carneiro, J.G.R. TostesKAch, E. Kleinpeter, J. Phys. Chem. A 109
(2005) 802.

[26] Y. Lin, H. Nekvasil, J. Tossell, J. Phys. Chex109 (2005) 3060.

[27] M. Malagoli, J. Bredas, Chem. Phys. Lett. 2@00) 13.

[28] H. Kaji, T. Yamada, N. Tsukamoto, F. Horii, €h. Phys. Lett. 401 (2005) 246.

70



Chapter 4
Solid-State’®N NMR Study of TPD in the Neutral and Charged State

4.1. Introduction

The molecular and electronic structuresNpN’-diphenylN,N’-di(m-tolyl)benzidine (TPD)
(see Fig. 4.1) in the neutral state were analymedhapters 2 and 3. It is considered that, to a
good approximation, charges locate on one TPD mtdeat a certain instant, and that the
charges are transferred among neutral and chargéztuotes by a hopping mechanism due to
weak intermolecular interaction [1-4]. Therefoemalyses of the molecular and electronic
structures of a TPD molecule, in charged as welleagral states, are crucial to understanding
charge-transport properties. For the moleculaucstre, the first X-ray diffraction (XRD)
study was carried out in 2002 by Kennedy et al. #d since then, XRD studies were pursued
by several groups [6-10]. However, even the ctystaucture of neutral TPD is still
controversial [5-7]. For the charge state, theemolar structure analysis was attempted by
Low et al. [8-10]. In their studies, the struci@® TPD in the cationic and dicationic states
themselves were not analyzed, while those of thB @&Ralogues were investigated. One of
the difficulties of the structural analysis of TP@iginates from the existence of many
conformers as described in Chapter 2. They indieetural disorders and tend to prohibit
crystallization. This feature is favorable for D& because TPD is used in the amorphous
state in the device. Crystallization, which resitt device degradation, should be avoided for
long life-time devices. However, this favorableatie conversely makes the structural
analysis difficult even for the crystal.

For the electronic structure, the ionization pttd was studied [11]. More detailed

information, including other valence electronicustures, was obtained by UV photoemission
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spectroscopy combined with molecular orbital caltahs [12,13]. However, experimental
results which can access the charge-transport giyogie scarce.

In this Chapter, solid-statéN NMR experiments are attempted on TPD in the @aéw@nd
charged statesgombined with density functional theory (DFT) cdition to analyze the
electronic states. Solid-state NMR experiments manvides information on disordered and
amorphous materials to a similar extent as cryfidi?1]. If the solid-state NMR method can
distinguish the neutral and charged states, it dvé@ powerful tool to investigate the charge

states and to observe the charge-transport pheoiméime devices.

(@) TPD o = 40°
(b) TPD*  26°
(c) TPD2+  26°

Fig. 4.1. Orientation of the chemical shift tensdr™N nuclei @y, Oyy, 0z, in
TPD. DFT-optimized bond lengths and torsion anglesund®N are also
shown for TPD, TPD, and TPB' from top to bottom. Hydrogen atoms are

omitted for clarity.
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4.2 Experimental and Computational Section

4.2.1. Samples

The ®N-labeledTPD sample in the amorphous stat®N{aTPD) was obtained as shown in
Chapter 2. The charged states were produced bynicak doping of *“N-aTPD. The
®N-aTPD sample (99 mg, 0.19 mmol) dissolved in GH@id SbG (115 mg, 0.384 mmol)
dissolved in CHGlwere mixed so as to provide a deep reddish orsolggion. By drying the
solution under vacuum for one day, a deep reddisinge monoradical cation sample,
TPD™ SbCk, was obtained. Occasionally, the TPD : SB€CL : 2 mixture yields a mixture of
cationic and dicationic TPD molecules; howeveratanic TPD forms precipitates, which can
be easily filtered. It should be noted that thetare of TPD and Sbghwith the molar ratio of
TPD : ShC{ = 1 : 1 provides a mixture of neutral and catiomieD molecules, which are
difficult to be separated. In order to make theatlon sample, a TPD : ShGt 1 : 3 mixture
was prepared by mixingN-aTPD (50 mg, 0.096 mmol) in CHCand SbG (87 mg, 0.29
mmol) in CHCL.  This mixture produced metallic, deep red-colomg@cipitates. The
precipitates were dried under vacuum for one ddyichv resulted in a dication sample,
TPD?-2SbC}. All of the processes for the Sk@oping were carried out under the N
atmosphere. The formations of cationic and dicéticstates were confirmed by elemental
analyses below, ESR and NMR experiments. AnalcdCalor TPD"-SbC}: C, 53.62; H,
3.79; N, 3.29; Cl, 24.99. Found: C, 53.17; H, 3.86 3.22; Cl, 19.65. Anal. Calcd. for
TPD?*"-2SbC{™: C, 38.49: H, 2.72; N, 2.36; Cl, 35.88. Found:38,85; H, 2.79; N, 2.25: Cl,

34.97.

4.2.2. ESR Experiments
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The existence of unpaired electron spins carobéromed by ESR measurements. The ESR
measurements were carried out on a Bruker BiosphiBXSYS E500 CW-EPR spectrometer.

All the experiments were carried out for solid séas@t room temperature.

4.2.3. Solid-Staté°N NMR Experiments

>N NMR measurements were performed on a Chemagr@kié6-400 Infinity spectrometer
operating at &°N frequency of 40.4 MHz (under a static magnetitdfiof 9.4 T). A double
resonance probe with a 4 mm magic angle spinninMprobehead was used. The
powdered samples were packed into zirconia rotoden an inert atmosphere of nitrogen.
The'H 90° pulse length was 2 and the contact time for the cross polarizat®R)(process
was 10.0 ms. ThEN does not have directly-bond&d, and the'H-"*N dipolar coupling was
relatively weak. A'H dipolar decoupling with aH field strength of 40 kHz, which was
sufficient for decoupling, was used during the deta of free induction decay (FID).

For CP/MAS™N NMR measurements, variable-amplitude CP and MA® & spinning
speed of 12 kHz were applied. The numbers of seass128 for all of the measurements.
The isotropic chemical shiftgjs,, were obtained from the CP/MAS measurements. Iror
chemical shift anisotropy (CSA) measurements, stah@P and the Hahn eche-(tpulse %),
with T = 20 s, were applied before detection. The number ahsevas 2048 for TPD in the
neutral and cationic states, and 4096 for TPD endicationic state. The spectra were obtained
without sample spinning. The chemical shift pnpativaluesgyy, oy, ando,,, were obtained
by CSA measurements. All of the experiments wemreied out at room temperature. The
®N chemical shifts were expressed as values relativigiuid ammonia (Nk) using the solid

>NH,CI resonance line with 39.1 ppm as an externateafs [22,23].
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4.2.4. Computations

The geometry optimizations of TPD in the neuttatjonic, and dicationic states were carried
out in DFT using the B3LYP functional, wherein Betkthree-parameter hybrid exchange
functional [24-26] was combined with the Lee-YarmmPcorrelation functional [27]. The
6-31G(d) split valence plus polarization basisvgas used, which is most frequently used for
geometry optimizations of TPD molecules [28-32]. heT nuclear magnetic shielding
calculations for the DFT-optimized TPD, TPPand TPB" single molecules were carried out
with the gauge including atomic orbitals (GIAO) imed [33-35] using DFT at the
B3LYP/6-31G(d) level. All of the calculated chemlcshifts were referenced by the
experimental isotropic chemical shift of th8l resonance line of TPD in the neutral state, 100.8
ppm, which was obtained from the CP/MASN NMR experiment. The chemical shift
principal values were also obtained from the calitoihs. There are several ways to describe
the chemical shift principal values. One way isléscribe these values @g (most downfield,
or leftmost),o,, (middle), andoss (most upfield, or rightmost). In this notatiohgtchemical
shift for the z-direction corresponds tq; for neutral TPD, while taos; for cationic and
dicationic TPD. In this study, we use another @ntion to avoid the confusion; the chemical
shift principal values are described @y, o,,, ando,,, which correspond to those for the x-, y-,
and z-directions, respectively. This provides easgierstanding of the relationship between
the principal values and the geometry. All of tt&culations were performed with the

Gaussian 03 program [36].

4.3. Results and Discussion

4.3.1. ESR Results
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Fig. 4.2 shows the experimental ESR spectra @ irPthe neutral, cationic, and dicationic
states. No resonance lines are observed for TPé&ther the neutral or dicationic samples.
In contrast, a relatively broad but clear ESR digaaobserved for a monocationic sample.
This indicates that only the monocationic TPD samigl radical and that the neutral and
dicationic TPD samples are not radical species.e résult agrees with that obtained by Low et
al. [8].

Chemically reversible redox systems of TPD betw&ED and TPE were found by cyclic
voltammetry and UV/Vis-NIR spectroelectrochemistry the solution state, while TPD in
higher charged states were not obtained [8]. #lie confirms the formation of TBDfrom
the mixture consisting of a molar ratio of TPD :Cp= 1 : 3 without the formation of TPD
(see section 4.2.1) Combined with the solid-sNit#dR results, these samples were found to
be TPD*-ShCk and TPB"-2ShC}, respectively (see also the results of elememtalyaes in

section 4.2.1).

TPD

TPD**

TPD2*

; L[ ¥ F F [ & & E |

3320 3360 3400 3440
magnetic field / G

Fig. 4.2. Experimental ESR spectra of TPD in thetrad, cationic, and

dicationic states.
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4.3.2. Solid-State NMR and Computational Results

Fig. 4.3a shows the experimental CP/MAS NMR spectra of*°N-labeled TPD in the
neutral and charged states. The neutral sampledeoa single resonance line at 100.8 ppm.
For the cationic sample, dN resonance lines are observed, even though thipleas 100%
®N-enriched. The disappearance of the resonaneéslidue to the unpaired (radical) electron
spin on the™N nuclei. The strong dipolar interaction betweerpaired electrons antiN
nuclei significantly broadens tHéN resonance lines. In addition, the unpaired edestalso
produce a large contact shift. The main contrdutio the contact shift, that is, the Fermi

contact shift,ogc, is calculated to produce a 4300-4400 ppm dowahfeslift based on Egs. 4.1

and 4.2 [37].
S+1
Ope =M>—=p, (4.1)
T
22
m:% = 235x10° [ppm(K [&.u™] (4.2)

B

Here,Sis the total spinT is the absolute temperature, gmg is the Fermi contact spin density.
The values ofin, s, g, andkg are the vacuum permeability, Bohr magneton, fleetmn
g-factor, and Boltzmann constant, respectively. c&ithe DFT calculations shows that jhg
value for cationic TPD is 0.036.037 a.u. an® = 1/2, the Fermi contact shift &t= 298 K is
obtained as 430@1400 ppm. Both of the broadening and contact #fféicts result in the
disappearance of resonance lines in the obsena&dichl shift range. Because no resonance
lines were observed for cationic TPD, both the tioogen nuclei in a TPD molecule strongly

interact with the unpaired electron. This meaias the two nitrogen atoms are electronically-
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(a) CP/MAS (b) CSA

TPD TPD
| Oiso O X(Xsyy
300 200 100 300 200 100
TPD™* / TPD* e
diso Gxx/G;/y IGZZ
300 200/ 100 300 200" 100
TPD2+ § i :
6iso
300 200 100 300 200 100
ppm from liq.NH3 ppm from lig. NH3

Fig. 4.3. Experimental (a) CP/MAS and (b) C8N spectra of°N-labeled TPD
in the neutral, cationic, and dicationic states.FTEalculated isotropic chemical
shifts (©is;) and chemical shift principal values,{, oy, 0,,) are also shown by

vertical bars
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coupled in spite of the relatively long intramolksswlistance of 10.0 A and are in same valence
state. On the other hand, the dicationic samptevsha clear resonance line at 203.8 ppm,
which is 103.0 ppm downfield-shifted from the nalstate. The appearance of the resonance
line indicates that this sample is not in the Lizastate, otherwise thEN resonance line
disappears similarly with TP This observation is consistent with the abovdR E€sults.

In addition, the appearance of only one resonaneefor TPG" in Fig. 4.3a indicates that the
two °N nuclei in TPB* are not in different valence states, but prindypial the same state.

The DFT-calculated®N isotropic chemical shifts of TPD in the neutrahtionic, and
dicationic states are also shown in Fig. 4.3a aice¢ bars. The cationic and dicationic TPD
samples show downfield shifts of 47.5 and 94.5 jywm the neutral TPD, respectively. Note
that the Fermi contact shifts for TPDare not included in this calculation. The calteda
chemical shift for TPE agrees well with the experimental chemical stiftdhemically-doped
dicationic TPD, confirming that the TPD moleculaghis sample are in the dicationic state.

Fig. 4.3b shows the experiment®l CSA NMR spectra of TPD in the neutral and charged
states. Thé°N CSA of the neutral TPD sample is unexpectedlyavaf38,39]; the CSA span,
that is, the difference between the maximum andmim chemical shift principal values is
~15 ppm (see Chapter 2). In contrast, a signifigavider >N CSA pattern is observed for the
dicationic TPD, which has a CSA spainl81 ppm.

The DFT-calculated®™N chemical shift principal values of TPD,, 0,, ando,,, are shown
in Fig. 4.3b as vertical bars. The orientationshef>N chemical shift tensors determined by
DFT calculations are shown in Fig. 4.1. The N atomd the three directly-bonded carbons, C4,
C5, and C9, are in the same plane not only in thdral state [38,39] but also in the charged
states [29,32]. This plane is referred to as thBA*plane” hereafter. Theo,, direction

corresponds to the normal vector direction of tiRA\-plane. Theaoy, direction is along the
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N-C4 bond vector. They, direction is perpendicular to both tbg, ando,, directions. For
the neutral TPD, DFT calculations result in a nar@SA [38,39], which agrees with the
experimentally derived CSA pattern. The calculd@@&A spans become wider with increasing
the charge; 82.9 and 161.8 ppm for TPBnd TPDB", respectively. The experimental CSA
span of a dicationic TPD sample, 181 ppm, agredis the result of the DFT calculation for
TPD?. Although the value ob,, differs by ~20 ppm, the agreement of both ando,;, is
excellent.

The dominant origin of the 103 ppm-downfield slifr TPD** observed in Fig. 4.3a is the
deficiency of electrons in the dicationic state¥he lack of electrons reduces shielding of the
®N nuclei. Another possible origin is the changeths geometric structure from neutral to
dicationic states. DFT calculations show that @eN bonds gain a double-bond character
with increasing positive charges, as shown in Eifj. Generally, in solid-state NMR, nuclei,
such as®™C and®N, with a double-bond character show a downfieldt sind wider CSA
compared to those with only single-bonds [22]. sTieature is close to that observed in Fig.
4.3; however, this possibility is denied by the Déalculations for the vertical transition states
shown in Fig. 4.4. 1t is found from Fig. 4.4, TRD the neutral, cationic, and dicationic
charged states provide the isotropic chemicalsbiftL00 - 107 ppm, 147 - 151 ppm, and 190 -
200 ppm, respectively, irrespective of the struegur Similarly, from Fig. 4.5, TPD in the
neutral, cationic, and dicationic charged statesvide Oy, Oy, O.,) = (94-106, 93-100,
108-116), (170-187, 161-167, 99-107), (232-260,-288, 95-104), respectively, irrespective of
the structures. It is concluded from the calcaladithat the above downfield shift reflects the
charged states of TPD. Therefore, the CP/MAS aish @xperiments can be used to
distinguish the charged states of molecules inroogdevices.

The CSA measurements provide information on thection from which electrons are
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(a) neutral structure (b) cationic structure (c) dicationic structure

TPD | Giso I Giso “ Giso
300 200 1'50 300 200 1 %0 300 200 100
300 200 100 300 200 160 300 200 100
300 200 100 300 200 100 300 200 100

ppm from lig. NH3 ppm from lig. NH ppm from lig. NH3

Fig. 4.4. Isotropic chemical shifts of TPD for veal transition states obtained by DFT
calculations. (a) TPD in the neutral (top), caito(middle), and dicationic (bottom)
charged states with the neutral structure. (b) TPBe neutral (top), cationic (middle),
and dicationic (bottom) charged states with theaat structure. (c) TPD in the neutral
(top), cationic (middle), and dicationic (bottomhacged states with the dicationic
structure. In all of the spectra, the isotropiermical shifts of TPD with the relaxed
structures are also shown for comparison. Note TR in the neutral, cationic, and
dicationic charged states provide the isotropiavgbal shifts of 106107 ppm, 147151
ppm, and 196200 ppm, respectively, irrespective of the struegur
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(a) neutral structure

GXX

(b) cationic structure

0 GXX

(c) dicationic structure

GXX

TPD cul 5
300 200 100

TPD™* Gxx‘|G|Qy dzz

”l Gyy

300 200 100

GxxlO')'fy (.522

O
m

300 200 100

GxxG;/y Gzz

T T

300 2000 100

300 2000 100

OOy

Il I

300 2000 100

OxxOyy

.
Il I

300 200 100
ppm from lig. NH3

300 200 100
ppm from lig. NH3

300 200 100
ppm from lig. NH3

Fig. 4.5. Chemical shift principal values of TP&,, 0,,, anda,,, for vertical transition

states.

states with the neutral structure.

dicationic (bottom) charged states with the catistructure.

(&) TPD in the neutral (top), cationicdahe), and dicationic (bottom) charged
(b) TPD in tleutral (top), cationic (middle), and

(c) TPD in the neutral (top),

cationic (middle), and dicationic (bottom) chargadtes with the dicationic structure. In

all of the spectra, the chemical shift principalues of TPD with the relaxed structures are

also shown for comparison.

TPD in the neutraliooét, and dicationic charged states

provide Oy, Oy, Oz) = (94106, 93100, 108116), (176:187, 16167, 99-107),
(232-260, 236-240, 95-104), respectively, irrespective of the structures.
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extracted. For the TPD in the neutral, cationia] dicationic statesyy,anda,, significantly
change with increasing charges; however, the clzaofgtheo,, values are negligible, as shown
in Fig. 4.3b. This indicates that the electrores extracted predominantly from the z-direction
(normal direction of TPA-plane). The electronghi xy-plane determine the shielding along
the z-direction. The almost unchangedvalues from TPD to TPD indicate the electrons in
the xy-plane are unchanged. The significant doslmfshifts ofo,,ando,,, that is, the large
reduction in shielding along the x- and y-direc§ondicates that the electron populations along
the z-direction decrease. TH&N CSA NMR experiments in Fig. 4.3b therefore clgarl
indicate that the electron is extracted from thieogen lone pair (2) orbitals, and that the
resultant “holes” are on the nitrogen lone pairitatb. It is shown that the solid-state NMR

methods are useful to detect and analyze the alhatgees.

4.4, Conclusion

The solid-staté®N NMR study of TPD in the neutral and charged states presented.
The charged states, cationic and dicationic statese successfully prepared by the chemical
doping. It was found that the two nitrogen atorh& @PD molecule are in the same state in
each sample, indicating that the two nitrogen atemeselectronically-coupled in spite of the
relatively long intramolecular distance. It wasaafound from CP/MAS experiments that the
charged states can be monitored by the change adkropic chemical shift. This means that
the solid-state NMR approach would have the patknt observe charge transports in the
devices, which is expected for the better undedstgn of charge transports phenomena.
However, for the cationic state!N NMR signals could not be observed due to theractéon
between thé°N nucleus and the unpaired electron. The NMR dieteof the cationic sample

by advanced NMR methods such as dynamic nuclearipation (DNP) [40,41] is expected in
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future.

It was also found from the CSA measurementsdbiad-state NMR can offer information on
the orbitals from which the electrons are extractedor TPD, electrons were found to be
extracted from nitrogenp2 orbitals, which spread along the vertical directid the TPA-plane,

indicating that the orbitals contribute to the HOMAich are essential for hole transports.
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Chapter 5
Percolation Paths for Charge Transports in TPD

Studied by Quantum Chemical Calculations

5.1. Introduction

Charge transports in organic materials are of ingaenterest for device applications such as
organic light-emitting diodes (OLEDSs) [1,2], orgarfield effect transistors [3,4], and organic
solar cells [5,6], and intensive studies were edrrout to understand the charge-transport
properties [7-47]. Charge transports in severaaoic crystals with particularly strong
intermolecular interactions were reported to becdlesd by band theory at low temperatures
[7,8]. In contrast, organic materials with weatermolecular interactions, including materials
for OLEDs, are known to transport charges by hogpmechanism [9-13]. As described in

Chapter 1, the rate constakgr, for Marcus-type charge transfer is given by Martheory

[9,10] as

A1 1 A
K.. = H2 expl 5.1
CT h AB 4kaT p( 4kBT) ( )

where, A is the reorganization energilas is the charge transfer integral (or the electronic
coupling matrix element) between the relevant tvatertules, and is the temperature. The
and ks are the Planck and Boltzmann constants, respéctiveThe parameters of key
importance for charge-transfer processes\aadHss. The value oh is the sum of internal
and external reorganization energies. The formas wuantified by quantum chemical
calculations for an isolated molecule [14-17], less sSummation ok; andA,, both of which are

represented by the energy differences as follows.
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A1 = E (charged state in neutral geometng {charged state in charged geometry) (5.2)

A2 = E (neutral state in charged geometng {neutral state in neutral geometry) (5.3)

The external reorganization energy is related terinolecular interaction and the contribution
to the total reorganization energy was considevdzbtsmall [18,19].

To quantify Hag values, geometrically symmetric neutral dimers eveften considered
[20-25]. Halves of the splittings of HOMO and LUMgused by intermolecular interactions
in the dimer system correspondHgg values for the hole transfefi,g*, and electron transfer,
Has , respectively. However, this method is ineffeetiwwhen the geometry of the dimer is
asymmetric and the HOMO or LUMO is unequally dstited between the two molecules. In

contrast, the following equations provide thg"* value, irrespective of the symmetry.

a,~E F-ES_, (5.4)
B-ES a;-E

Here, an = <@ iomolH [P vono>, @8 = <®omolH [P homo™, B = <®*homolH [PPhomo>, S =
<P omol®®Homo>, and E is the energy. H is the electronic Hamiltonian.®”,ovo and
®®omo are HOMOSs of isolated molecules, A and B, respebti  Noting thatd”® and®® are

a non-orthogonal basis set, an effective electrenigpling valueHags", is given by Eg. 5.5

through Loéwdin’s transformation [26,48].
Hp =——2— (5.5)

88



For the calculations ofi,s~ values, LUMOs of isolated molecule®® yvo and ®8 uvo, are
used instead od*0m0 and D® oo

Until now, the evaluations dfi,z values were performed for several asymmetric dcgan
molecular pairs [27-30]. However, the evaluatiohdd,s values for OLEDs materials were
not carried out, except for tris(8-hydroxyqunolim@)minum(lll) (Algs) [30]. To estimatédag
values for materials in OLEDSs, investigations & #morphous structures are desired; however,
they are difficult to access so far. ThereforeRif. 30, theB-Alg; crystalline structure was
used for the calculations &fsg, assuming that the relative geometries of molequédérs in the
amorphous state are similar to those infloeystalline state.

In this Chapter, charge transportsNEN’-diphenyIN,N’-di(m-tolyl)benzidine (TPD) (Fig.
5.1) are focused on, considering “percolation pattis charge transports. TPD is a
well-known hole-transport material for OLEDs [2,8%}. Its reorganization energies for
hole-transfer\”, and electron-transfek;, were evaluated by density functional theory (DFT)
calculations, revealing that the valuehdf(0.28 or 0.29 eV) is smaller than thatAof(0.56 eV)
[15,16]. The calculations result in the ratio diet hole-transfer rate constant and
electron-transfer rate constakg;" / ket , of 21 when we assuntés™ = Hag™ in Eq. 5.1 [16].
The value was used to qualitatively explain theiltesf time-of-flight experiments [37,45] that
TPD is superior for hole transports. However, theerimental results, that the electron
mobility of TPD is a few or several orders of magde smaller than the hole mobility [37,45],
cannot be explained by the ratie; / ket = 21.  To quantify théer values and to understand
its charge-transport property in more detail, teéngation ofH,g values is inevitable. In this
Chapter, thdH,s values are evaluated using relative intermolecgdermetries in TPD crystals
as in the above case of Aldpecause there are also no data concerning thephmus structure
of TPD, except for the intramolecular structurargraeters [44]. For TPD crystals, two

different polymorphs, orthorhombic [41] and monoii[42], were reported. Theag values
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Fig. 5.1.

The chemical structure of TPD. The@, andr represent

respective bond angles, torsion angles, and borgdHs, respectively.

Table 5.1. Optimized parameters of TPD in its rautcationic, and anionic states. The
parameters are defined in Fig. 5.1.

8:/° 0,/° 83/° @/° @I° @/° @/° nlA /A /A /A
neutral 120 120 120 41.0 41.3 425 358 142 142 142 148
cation 121 121 118 26.1 48.8 49.2 206 1.39 143 143 1.46
anion 119 119 122 614 313 317 8.7 144 141 141 144

Table 5.2. Reorganization energies of TPD for fald electron transfers calculated by DFT
B3LYP/6-31G(d) and extended Huckel levels.

A/ eV Ao/ eV AEM+AN)/eV ket Tker 2
DFT hole 0.131 0.141 0.272
electron 0.305 0.269 0.574 2!
hol€’ 0.13 0.15 0.28
electron 0.27 0.29 0.56 o
extended Huckel hole 0.031 0.117 0.148
electron 0.280 0.124 0.404 20

#Based on Eqg. 5.1 @t= 300 K, neglecting the difference of the valutsigs" andHag ™

® The values are taken from Ref. 16.
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for both the polymorphs are calculated. To undmctthe charge transports in devices,
percolated charge-transport paths between the@dlest should be considered. Therefore, the
percolation paths for charge transports, which isbied consecutive molecular pairs with large

ker values, are also investigated. Only when periarlapaths do exist, charges can be

transported from one electrode to the counter r@ldetby hopping mechanism.

5.2. Computational Section

The molecular structures of TPD in its neutraljaat and anionic states were optimized by
DFT method using the B3LYP functional, which emgothe gradient correction of the
exchange functional with three parameters by B§4Re50] and the correlation functional by
Lee, Yang, and Parr [51]. The 6-31G(d) basis s&t wsed. The values d and\™ were
calculated for the DFT-optimized structures by bBBLYP/6-31G(d) and extended Hiuickel
levels. As described above, the contribution ef élxternal reorganization energy to the total
reorganization energy was considered to be smad,1f], and neglected [14-16,19].
According to these preceding studies, only therivelereorganization energy is considered in
the calculations of the reorganization energy.

For the calculations dfisg values, the packing structures in the orthorhorabid monoclinic
polymorphs of TPD described in Refs. 41 and 42peesvely, were used. All the pairs of
neighboring two molecules were taken from respegbelymorphs, and the valuestdfs were
calculated for the pairs from Eqg. 5.5, using thiwes ofa, B, andS.  The calculations dfixg*
and Hpg~ values byab intio methods were sometimes failggs] and semi-empirical
calculations were often performed [21-26]. Follogiithese preceding studies, we used
extended Hiickel method to calculddgs values. Note that if th& values are ignored as in
the Marcus-approximation, thd,s values equal tgs values. In contrast, extended Hickel
method dose not ignore tisvalues. Here, thEl,z values were calculated, considering all of

the a, B, andSvalues. All the calculations were carried outwiaussian 03 program [52].
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5.3. Results and Discussion

5.3.1. Reorganization Energies

For the reorganization energy calculations, TPDRhim neutral, cationic, and anionic states
were optimized by DFT method. Important optimipsstameters, the bond anglés,6,, and
8, the torsion anglesy, ¢, @, andg,, and the bond lengths, I, 13, and  (see Fig. 5.1), are
listed in Table 5.1. The magnitude of geometratange by anionization is larger than that by
cationization, especially concerning the torsiomgles. Table 5.2 shows the calculated
values. Reflecting the geometrical change betweemeutral and charged states,thealue
was calculated to be larger thahvalue for both the DFT and extended Hiickel catauia.
The DFT-calculated values in this study are almost consistent wifirevious report [16] as
shown in Table 5.2. Although the extended Hucletwations provide smallér values for
both the hole and electron transports, the valfiég0/ ker at 300 K under the assumption of
Has" = Hag', are almost consistent between the DFT and thendstl Hiickel results;

hole-transfer rate constants are 20-30 times ldhgar the electron-transfer rate constants.

5.3.2. Frontier Orbitals

Fig. 5.2 illustrates the HOMO and LUMO of TPD inetimeutral state calculated at DFT
B3LYP/6-31G(d) and extended Hiuickel levels for thexee DFT-optimized geometry. Table
5.3 shows the square of the MO coefficients of gedpe segments in percentage. In Table
5.3, the respective segments, the nitrogen, bigbeeay phenyl, and tolyl moieties, are
represented as “N,” “BP,” “Ph,” and “To,” respedly. The subscript of " or “r” means left
or right part of the molecule in Fig. 5.2. For exde, “N.” indicates the left nitrogen of the
molecule. For the HOMO, the DFT and extended Hiimsults are almost equivalent. The

contributions from one nitrogenxN(x = orr) and one benzene-ring in biphenylene parts,
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DFT extended Hiickel

HOMO

Fig. 5.2. The HOMO and LUMO of TPD calculated byFD
B3LYP/6-31G(d) and extended Huckel methods for TBET-optimized

geometry. The value for the saces is 0.02 a.

Table 5.3. Contributions of the nitrogen (N), bipyene (BP), phenyl (Ph), and tolyl (To)
moieties of TPD to the HOMO and LUMO calculatedbyT B3LYP/6-31G(d) and extended
Huckel calculations. The subscript @f ‘Or "g” indicates the left or right side of the molecule
in Fig. 5.2.

DFT HOMO 15.0 15.0 17.4 16.1 9.0 8.9 9.3 9.3
LUMO 0.6 0.5 36.8 35.9 6.6 6.2 6.7 6.7
extended Huckel HOMO 14.7 14.7 17.8 17.8 8.7 8.7 8.7 8.7
LUMO 0.5 0.5 42.6 42.6 3.7 3.7 3.1 3.1
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BPyx, are 15 and 16-18%, respectively. The contrimstifom one benzene-ring in phenyl,
Phy, and tolyl, Tq, are 9% for both the moieties. On the other hahd, LUMO is more

localized on the biphenylene part and contributifnasn the other parts are notably small,
although some difference is found between the Dl extended Huckel results for the LUMO.
For the extended Huickel calculations, the contitioufrom BR; is 42.6%, whereas those from

Ny, Ph, and Tg, are 0.5, 3.7, and 3.1%, respectively.

5.3.3. Molecular Pairs in TPD Crystals

Figs. 5.3a and 5.3b show the unit cell of TPD im thrthorhombic and monoclinic
polymorphs reported by Kennedy et Bll] and Zhang et al. [42], respectively. Four
molecules in respective unit cells are designated 4, lll, and IV. The cell in Fig. 5.3 are
defined as cell (000), and neighboring cells at tae -a, +b, -b, +c, and -c directions are
represented as (100), (-100), (010), (0-10), (O@hYd (00-1), respectively. We refer to a
molecule X (X =1, II, 11, or IV) in the cell (ab(a, b, c =-1, 0, or 1) as X(abc). For example,
I(000) denotes molecule I in the cell (000). Ie trthorhombic polymorph, as shown in Table
5.4, 1(000) is surrounded by two molecules of Yrfmolecules of I, two molecules of 1ll, and
eight molecules of IV. Except for the above pdietween | and I, 11(000) is surrounded by
two molecules of II, eight molecules of 1ll, andawnolecules of IV. Also except for above
pairs between | and 1ll, and Il and IIl, 111(000 surrounded by two molecules of Il and four
molecules of IV. As the rest, 1V(000) is sandwidhey two molecules of IV. In total,
thirty-six pairs, numbered from 1 to 36 in Tablé,5vere considered for the calculationdag
values. LikewiseHg values were calculated for thirty-six pairs in thenoclinic polymorph,

which are numbered from 37 to 72 in Table 5.5.
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(a) orthorombic (b) monoclinic

b
(AN W
0 I I" \J C
III
Y F A
. Il (000 a
<Al ) Q| cell (000)
a=11.1Ab=145R c=17.8A a=144R b=11.0A c=178A
a=p=y=90.0° o =y =90.0° B =90.6°

Fig. 5.3. Four molecules classified into the uekll (000) in (a)
orthorhombic and (b) monoclinic polymorphs of TPOFor each polymorph,

the molecules are designated as |, Il, Ill, and IV.
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Table 5.4. Molecular pairs in tlegthorhombic polymorph of TPD.

Pairs with 1(000)

I Il Il v
1.1(001) 3. 11(000) 7. 11(00-1) 9. 1V(000) 13. (Z-10)
2.1(00-1) 4. 11(0-10) 8. 111(10-1) 10. IV(100)  14Vv(10-1)
5. 11(00-1) 11. IV(0-10)  15. IV(0-1-1)
6. 11(0-1-1) 12.1IV(00-1)  16.IV(1-1-1)
Pairs with 11(000)
I Il 1 v
- 17.1(001)  19.11(000)  23.11(110) 27.1V(000)
18.11(00-1)  20.111(100)  24. 11(10-1) 28. V(100
21.111(010)  25. 1I(01-1)
22.111(00-1)  26. l11(11-1)
Pairs with 111(000)
I Il Il v
- - 29. 111(001) 31.IV(000)  33.IV(001)
30. 111(00-1) 32.IV(0-10) 34. IV(0-11)
Pairs with IV(000)
I Il 1 v
- - - 35. IV(001)
36. IV(00-1)
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Table 5.5. Molecular pairs in tmeonoclinic polymorph of TPD.

Pairs with 1(000)

I I 1l v
37.1(001) 39.11(000)  43.11(000)  47. 11(110) 51. IV(100)
38.1(00-1)  40.11(100)  44.11(100)  48. 11[(10-1) 52. IV(110)
41.1(001)  45.11(010)  49. 11(01-1)
42.11(101)  46.111(00-1)  50. lI(11-1)
Pairs with 11(000)
I Il i vV
- 53. 11(001) 55. 111(00-1) 57.1V(000)  61.1V(110)
54. 11(00-1) 56. 111(01-1) 58.1V(100)  62. IV(10)1

59.1V(010)  63. IV(01-1)
60. IV(00-1)  64. IV(11-1)

Pairs with 111(000)

I Il i v
- - 65. 111(001) 67. IV(000) 69. IV(001)
66. 111(00-1) 68. IV(100)  70. IV(101)
Pairs with IV(000)
I Il i v
- - - 71. 1V(001)
72. 1IV(00-1)
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5.3.4. “Hole” Transports in Orthorhombic TPD

TheHag" values for the orthorhombic polymorph are represseim Fig. 5.4a as filled squares.
The Has" values are notably large for the pairs of 7 (1(80DE00-1)), 8 (1(000)-111(10-1)), 27
(11(000)-1V(000)), and 28 (11(000)-IV(100)). Sinadl these pairs are geometrically equivalent,
their Hag" values are the same, 6.4 meV. The pairs ardrdlesl in Fig. 5.5a. The second
largest Hpg* values are for the pairs of 4 (1(000)-11(0-10)), @&000)-11(0-1-1)), 31
(111(000)-1V(000)), and 33 (lI(000)-IV(001)). Theare also geometrically equivalent with
each other, and all thé,z* value are 4.5 meV. Fig. 5.5b shows the pairs.r tff® remaining
pairs, the values are 6410° — 1.8 meV.

By using theH,s" values, theéker values were calculated &t= 300 K, according to Eq. 5.1.
Here, the above-mentionad value of 0.148 eV were used. The results are shiowig. 5.4b
as filled squares. The" values are 4.% 10’ — 4.3x 10" s'.  The maximum value is for
the pairs of 7, 8, 27, and 28, reflecting theigéaHs* values. It can be expected that holes
are favorably transported along the a-axis thrabghperiodic pairs of 7 and 8, or 27 and 28, as
shown in Fig. 5.5a. Thie:;" values in the pairs of 4, 6, 31, and 33 are alshé same order,
10'* s'.  Using the periodic pairs of 4 and 6, or 31 aBdi®les can transfer macroscopically
along the c-axis (see Fig. 5.5b). Combinationthefpairs in Figs. 5.5a and 5.5b can be also
used for effective hole-transport paths in the@ame. For hole transports in the b-direction,
the pairs of 3, 4, 5, and 6, or 31, 32, 33, anat®4# be used as shown in Fig. 5.6. KBg
values for the pairs of 3, 5, 32, and 34 are sméfian those for the pairs of 7 and 4 by about
one order of magnitude. Therefore, the hole trarispalong the b-axis are expected to be
ineffective compared with those along the a- aage&s.

From the calculations, the valuessih Eq. 5.5 were found to be small, which resuitg >>
S. Therefore, Eg. 5.5 can be reducedH{g” = |8 -aS. Moreover,Hys" is found to be
almost proportional tg3, due to the well-known relation? 00 KaS, whereK (= 1.75) is a
Wolfsberg-Helmholz constant [53,54]. Therefore tlontribution of respective segments, the
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Fig. 5.4. (a) The values of hole transfer integrel,z* (m), and electron
transfer integralsHag™ (©), calculated by extended Hickel method for the
thirty-six molecular pairs in the orthorhombic palgrph of TPD. (b) The
values of hole-transfer rate constarits;” (m), and electron-transfer rate
constantskcr (©), at 300 K calculated using t&g values in (a). For the
calculations, the reorganization energiesAdbf= 0.148 and\™ = 0.404 eV

were used, which were also calculated by extendedkél method.
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Fig. 5.5. (a) Representations of the molecularspaith the largest hole-transfer rate
constant in the orthorhombic polymorph, 7 (I(00@@i0-1)), 8 (I(000)-111(10-1)), 27
(11(000)-1V(000)), and 28 (11(000)-1V(100)). Peration paths for hole transports
along the a-axis can be formed by the periodicspafii7 and 8, or 27 and 28. (b) The
pairs with relatively large hole-transfer rate dam$és, 4 (1(000)-11(0-10)), 6
(1(000)-11(0-1-1)), 31 (I11(000)-IV(000)), and 33l1{(000)-IV(001)). The periodic
pairs of 4 and 6, or 31 and 33 can be percolatathsgpfor hole transports along the

c-axis.
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11(0-1-1) %(0/10?

Fig. 5.6. Molecular pairs of (a) 3 (I1(000)-11(000)4 (1(000)-11(0-10)), 5
(1(000)-11(00-1)), and 6 (I(000)-11(0-1-1)) and (K31 (111(000)-1V(000)), 32
(111(000)-1V(0-10)), 33 (I11(000)-IV(001)), and 3411I(000)-1V(0-11)) in the
orthorhombic polymorph of TPD. These molecularpaan convey holes in

the direction of the -axis

101



nitrogen, biphenylene, phenyl, and tolyl, for tHgs* values can be investigated. We call it
“segmenta)3 values, which can be calculated by®% oyolH|[@*%omo>.  Here,d**% om0

and ©%®,.,,c are linear combinations of atomic orbitals in tlespective segments of the
molecules A and B. Tables 5.6 and 5.7 summarizes¢igmentaB values for hole transfef”,

for respective segmental pairs in the pair of 7 dndespectively. Both the positive and
negative values appear in the tables, but the signsiot important and the absolute values are
compared in the following discussion.

It is found from Table 5.6 that the following segntal pairs provide large segmenal||
values for the pair 7; i) the pair of Pof 1(000) and Phof I1I(00-1), ii) that of Tq of 1(000)
and Ph of 11I(00-1), and iii) that of Tg of I(000) and Tg of IlI(00-1). For the pair 4, as
shown in Table 5.7, followings are notable; the paBP; of I(000) and Phof 11(0-10), ii) that
of Phg of 1(000) and BP of 11(0-10), iii) that of T of I(000) and BP of 11(0-10), and iv) that
of Tog of 1(000) and BR of 11(0-10). Tables 5.6 and 5.7 also show therirsegment distances.
Some shortest distances in the pairs of 7 and 4lwwen in Figs. 5.7a and 5.7b, respectively.
It is found that segment pairs with short interreegt distances generally provide large
segmental 4’| values. Note that the inter-segment distanceBainles 5.6 and 5.7 are the
shortest internuclei distances (here, the hydrogenei are neglected). When the centers of
gravity of each segment are used as the inter-sgigdistance instead, distinct relationship
between the segment#’| value and the inter-segment distance was notdfouithe details
are described in Chapter 6. Although the interrsag distance is one of the most crucial
factors to provide large segmentAl|| values, they are also affected by other factoFr
example, relatively large segmentéf||value of 1.6 meV is found for Taf 1(000) and BP of
111(00-1) in the pair 7 (the inter-segment distarise4.1 A). In contrast, the pair of T of

1(000) and PR of I11(00-1) provides only 0.3 meV, although thdr-segment distance is as
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Table 5.6. The segment&lvalues for charge transfer and shortest inter-seg@-C, C-N, or

N-N distances in the molecular p&ir [(000)-111(00-1).

The respective contributior®rn the

nitrogen (N), biphenylene (BP), phenyl (Ph), angltfro) moieties in the left.§ and right §)

sides of TPD molecules in Fig. 5.7a are shown.

[11(00-1)
NL Nr BP. BP: Ph To. Ph: Tor
Segmenta3* / meV
N_ 0.0 0.0 -1.2 0.0 0.3 0.0 0.0 0.0
Nr 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
BP. 0.0 0.0 -0.8 -04 0.0 0.0 0.0 0.0
1(000) BP: 0.0 -0.2 0.0 -0.9 0.0 0.0 0.2 0.6
Ph 0.0 0.0 0.3 0.0 -3.8 0.0 0.0 0.0
To 0.0 0.0 1.6 0.0 -5.7 0.0 0.0 0.0
Ph: 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Togr 0.0 0.1 0.0 0.0 0.0 0.0 03 -3.6
Segmentall” / meV
N_ 0.0 0.0 -0.2 0.0 -0.1 0.0 0.0 0.0
Nr 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
BP. 0.0 0.0 1.3 -5.0 0.0 0.0 0.0 0.0
1(000) BP: 0.0 -0.1 0.0 -0.5 0.0 0.0 0.1 0.4
Ph 0.0 0.0 0.0 0.0 0.2 0.0 0.0 0.0
To. 0.0 0.0 -0.4 0.0 0.0 0.0 0.0 0.0
Ph: 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Togr 0.0 0.0 0.0 0.0 0.0 0.0 03 04
Inter-segment C-C, C-N, or N-N distances / A
NL 5.8 9.3 4.1 6.1 4.6 7.2 9.4 9.8
Nr 13.7 6.4 10.0 6.8 13.5 14.8 6.1 5.0
BP. 6.6 6.4 3.8 4.0 5.7 7.9 6.6 6.6
1(000) BP: 9.9 4.7 6.4 3.9 9.5 11.2 4.9 3.8
Ph 4.8 10.0 4.0 6.6 3.7 6.1 10.5 10.4
To. 55 9.4 4.1 6.2 3.6 6.9 9.0 10.2
Phs 14.8 7.8 11.2 8.2 14.5 16.0 7.5 6.2
Togr 13.5 4.7 9.5 5.9 135 145 3.8 36
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Table 5.7. The segment8lValues for charge transfer and shortest inter-segrGé-C, C-N, or
N-N distances in the molecular pdir I(000)-11(0-10). The respective contributionsrfr the
nitrogen (N), biphenylene (BP), phenyl (Ph), angltro) moieties in the left,j and right £)
sides of TPD molecules in Fig. 5.7b are shown.

11(0-10)
Segmentaf3* / meV
N, 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Nr 0.0 0.0 0.1 0.0 -0.1 0.0 0.0 0.0

BP. 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
BPx 0.0 0.0 0.0 0.0 -6.1 0.0 0.0 0.0
Ph 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
To, 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Phs 0.0 0.0 -2.9 0.0 0.8 0.0 0.0 0.0
Tor 0.0 0.0 -4.3 2.7 0.3 0.0 0.0 0.0

1(000)

Segmentall” / meV

N_ 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Nr 0.0 0.0 0.1 0.0 0.0 0.0 0.0 0.0
BP. 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
1(000) BPr 0.0 0.0 0.0 0.0 0.9 0.0 0.0 0.0
Ph 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
To. 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Phs 0.0 0.0 -1.0 -0.1 -0.2 0.0 0.0 0.0
Tor 0.0 0.0 0.8 -0.2 -0.2 0.0 0.0 0.0
Inter-segment C-C, C-N, or N-N distances / A
N. 12.9 194 13.2 16.1 8.7 13.6 19.1 20.1
Nr 6.2 9.4 4.8 6.45 4.2 7.6 9.3 10.2
BP. 9.3 15.2 9.2 11.9 5.4 10.3 14.9 15.9
1(000) BPr 6.6 10.9 5.7 7.8 3.6 8.0 10.7 11.6

Ph 12.3 19.8 12.9 16.2 8.0 12.7 19.7 20.5
To, 14.1 19.8 14.2 16.9 9.9 14.9 19.3 20.6
Phs 52 7.5 3.7 4.8 4.1 6.6 8.2 7.8
Tor 5.6 6.8 3.8 3.8 4.2 6.8 6.3 8.1
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(a) pair 7

*{"\ 111(00- 1),.3',%

(b) pair 4 '(000)
1(000)
3.6A
&7 2
11(0-10)

A,

Fig. 5.7. Representations of some shortest itgment C-C distances for
the molecular pairs of (a) 7 (I(000)-111(00-1)) afiw) 4 (1(000)-11(0-10)).
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short as 3.8 A.  One of the other factors, whideafsegmentald’| values, will be relative
orientations between the segments. Another fastibre localization of frontier orbitals. The
above results suggest that the phenyl and tolgkrimave great significances to #gs" in both
the pairs of 7 and 4, originating from the relalyviarge contributions to the HOMO and the
short inter-segment distances. The situation listaumtially different for electron transport in
spite of the same intermolecular geometry. Thiduis to the localization of LUMO as shown

later.

5.3.5. “Electron” Transports in Orthorhombic TPD

Fig. 5.4a also shows the#ss~ values for the orthorhombic polymorph as openlesic It is
found that the values are smaller than those foMi@®; all the values are smaller than 2.4 meV.
From theHas™ values, theker values in Eq. 5.1 were calculatedTat 300 K, using the\™
value of 0.404 eV. The results are shown in Figb®s open circles. It is clearly shown that
the maximumker~ value, 3.1x 10° st is two orders of magnitude less than the maxinkgsh
value. The minimunke; value, 6.2x 10* st is two to three orders smaller compared to the
minimumker” value. The smalleker values explain the poor electron-transport propeft
TPD, which is found in this study to originate frahe smallH,z~ values as well as the larye
value.

The segmentaf values for the electron transfgt,, in the pairs of 7 and 4 are also shown in
Tables 5.6 and 5.7, respectively. For the segmpains with large segmenta’]| values, such
as the pair of Rhof 1(000) and Phof 111(00-1), the segmentagB[| values are found to be small,
although the relative geometry of the moleculargare the same. The difference originates
from the difference of HOMO and LUMO; LUMO is locatd on the biphenylene part and the
contributions of the other segments are small asvshabove (see Fig. 5.2 and Table 5.3).

Instead, the pair of BRof I(000) and BR of 111(00-1) provides the segment#| value of 5.0
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meV, which is larger than that of the correspondiegmental4’| value, 0.4 meV. This is

also due to the localization of LUMO on the biphiemg part.

5.3.6. “Hole” Transports in Monoclinic TPD

Filled squares in Fig. 5.8a represent khg" values for the monoclinic polymorph of TPD.
It is found that the values in the pairs of 51 Q@pIV(100)), 52 (1(000)-IvV(110)), 55
(11(000)-111(00-1)), and 56 (1I(000)-111(01-1)) areemarkable. These pairs are shown in Fig.
5.9a. The geometries of the former two pairs, Bd 82, are equivalent with each other.
Also, those of the later two pairs, 55 and 56, egeivalent. The difference between the
former two pairs and latter two pairs is slight,ig¥horiginates from the lower symmetry of the
monoclinic polymorph compared with the orthorhombatymorph. It is also found from Fig.
5.8a that theHsg" values for the pairs of 39 (I(000)-11(000)), 41(0Q0)-11(001)), 67
(111(000)-1V(000)), and 69 (111(000)-1V(001)) arectatively large. These pairs are illustrated in
Fig. 5.9b. The geometries of the pairs, 39 anda6¥ equivalent and those of the pairs, 41 and
69, are also equivalent.

Fig. 5.10 shows the above-mentioned molecular pairs1, 55, 39, and 41. It should be
noted that the pairs of 51 and 55 (and 52, 56)sandar to the pair 7 (and 8, 27, 28) in the
orthorhombic polymorph, as shown in Figs. 5.6 anth5 Therefore, large segmentgr]||
values are obtained for the same segmental painebr spatially close Rland/or Tq rings in
the pairs of 51, 52, 55, and 56, as in the casheopair 7 (see Tables 5.8 and 5.9). The pairs
of 39 and 41 (and 67, 69) are similar to the pgard 6, 31, 33) in the orthorhombic polymorph,
also as shown in Figs. 5.6 and 5.10. Therefordndbhe case of the pair 4, the dominant
contribution for the intermolecular HOMO couplirggprovided for the segmental pairs between
spatially close BPand Pk, or BR, and Tq (see segmentaB]| values in Tables 5.10 and 5.11.

Theker' values afl = 300 K are shown in Fig. 5.8b as filled squardsargeker values in the
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(a) 37 42 47 52 57 62 67 72
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Fig. 5.8. (@) The values of hole transfer integrbl,s” (m), and electron
transfer integralsHpag™ (), calculated by extended Huckel method for the
thirty-six molecular pairs in the monoclinic polyrpb of TPD. (b) The
values of hole-transfer rate constarks;” (m), and electron-transfer rate
constantskcr (©), at 300 K calculated using tlig values in (a). For the
calculations, the reorganization energieshbf= 0.148 and\™ = 0.404 eV

were used, which were also calculated by extendedkél method.
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11(001)

1(000)

Fig. 5.9. (a) Representations of the molecularspaith large hole-transfer
rate constants in the monoclinic polymorph, 51 Q@RIV(100)), 52
(1(000)-IV(110)), 55 (II(000)-111(00-1)), and 56 I(D0OO0)-I1(01-1)).
Percolation paths for hole transports along the&is-ean be formed by the
periodic pairs of 51 and 52, or 55 and 56. (b) paies with relatively large
hole-transfer rate constants, 39 (I(000)-11(0003), (1(000)-11(001)), 67
(111(000)-1V(000)), and 69 (111(000)-IV(001)). Theeriodic pairs of 39 and

41, or 67 and 69 can be percolation paths for tralesports along the c-axis.
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(a) pair 51 (c) pair 39

11(000)
.

3.6

1(000)

(b) pair55 (d) pair 41

111(00-1)

11(001)

o '
3.5R
LY

11(000)

Fig. 5.10. Representations of some shortest sggment C-C distance for the
molecular pairs of (a) 51 (1(000)-IvV(100)), (b) F8(000)-111(00-1)), (c) 39
(1(000)-11(000)), and (d) 41 (1(000)-11(001)).
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Table 5.8. The segment&lvalues for charge transfer and shortest inter-seg@-C, C-N, or
N-N distances in the molecular pait, I(000)-1V(100).
nitrogen (N), biphenylene (BP), phenyl (Ph), angltro) moieties in the left,) and right £)

sides of TPD molecules in Fig. 10a are shown.

The respective contributionsrrahe

IV(100)
NL Nr BP. BP: Ph To Ph: Tog
SegmentaB3* / meV
NL 0.0 0.0 1.3 0.0 -0.3 0.0 0.0 0.0
Nr 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
BP. 0.0 0.0 0.5 0.5 0.0 0.0 0.0 0.0
1(000) BP: 0.0 0.2 0.0 0.9 0.0 0.0 -0.2 -0.5
Ph 0.0 0.0 0.0 0.0 3.2 0.0 0.0 0.0
To 0.0 0.0 -1.8 0.0 6.0 0.0 0.0 0.0
Phs 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Tog 0.0 -0.1 0.0 0.0 0.0 0.0 1.3 3.9
Segmentall” / meV
NL 0.0 0.0 -0.2 0.0 0.0 0.0 0.0 0.0
Nr 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
BP. 0.0 0.0 15 -5.1 0.0 0.0 0.0 0.0
1(000) BP: 0.0 0.0 0.0 -0.9 0.0 0.0 0.0 0.2
Ph 0.0 0.0 0.1 0.0 0.6 0.0 0.0 0.0
To 0.0 0.0 -0.3 0.0 0.3 0.0 0.0 0.0
Phs 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Tog 0.0 0.0 0.0 0.0 0.0 0.0 0.3 0.4
inter-segment C-C, C-N, or N-N distances / A
NL 5.7 9.3 4.1 6.1 4.6 7.1 9.5 9.8
Nr 13.6 6.3 9.9 6.7 13.4 14.8 6.1 4.9
BP. 6.5 6.4 3.7 4.0 5.7 7.8 6.7 6.6
1(000) BP: 9.8 4.7 6.3 3.8 9.4 11.1 4.9 3.9
Ph 4.8 10.1 4.0 6.7 3.7 6.0 10.6 10.4
To 5.4 9.4 4.0 6.2 3.6 6.8 9.1 10.2
Phs 14.8 7.7 11.1 8.1 14.5 16.0 7.5 6.2
Tog 13.4 4.6 9.4 5.8 13.4 14.4 3.7 3.6
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Table 5.9. The segment&lvalues for charge transfer and shortest inter-seg@-C, C-N, or

N-N distances in the molecular p&b, 11(000)-111(00-1).

The respective contributiofrom

the nitrogen (N), biphenylene (BP), phenyl (PhY &yl (To) moieties in the left { and right

(r) sides of TPD molecules in Fig. 10b are shown.

[11(00-1)
NL Nr BP. BP: Ph To Ph: Tog
SegmentaB3’ / meV
NL 0.0 0.0 -0.2 0.0 0.0 0.1 0.0 0.0
Nr 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
BP. 0.0 0.0 -0.8 -0.5 0.0 0.0 0.0 0.0
11(000) BP: 0.0 -1.2 0.0 -0.5 0.0 0.0 0.1 1.8
Ph 0.0 0.0 0.2 0.0 0.0 -0.2 0.0 0.0
To 0.0 0.0 0.8 0.0 0.0 -5.3 0.0 0.0
Ph: 0.0 0.3 0.0 0.0 0.0 0.0 -2.7 -7.6
Togr 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Segmentall” / meV
NL 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Nr 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
BP. 0.0 0.0 -0.7 -4.2 0.0 0.0 0.0 0.0
11(000) BP: 0.0 -0.1 0.0 1.7 0.0 0.0 0.1 0.0
Ph 0.0 0.0 -0.1 0.0 0.0 0.0 0.0 0.0
To 0.0 0.0 0.3 0.0 0.0 0.6 0.0 0.0
Phs 0.0 0.0 0.0 0.0 0.0 0.0 0.5 0.7
Togr 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
inter-segment C-C, C-N, or N-N distances / A
NL 6.3 9.4 4.7 6.5 7.7 4.6 10.1 9.4
Nr 13.6 5.8 9.8 6.6 14.8 13.4 4.9 5.4
BP. 6.7 6.1 3.8 4.0 8.1 5.7 6.7 6.2
11(000) BP: 9.9 4.1 6.3 3.8 11.1 9.4 4.1 4.0
Ph 6.2 9.6 5.0 6.8 7.5 3.7 10.6 9.1
To 4.9 9.8 3.8 6.6 6.1 35 10.4 10.2
Ph: 13.4 4.6 9.4 5.7 14.5 13.4 3.8 3.5
Togr 14.8 7.2 11.1 7.9 16.0 14.4 6.1 6.8
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Table 5.10. The segment@livalues for charge transfer and shortest inter-segi@-C, C-N, or
N-N distances in the molecular p&@, 1(000)-11(000).
nitrogen (N), biphenylene (BP), phenyl (Ph), angltfro) moieties in the left, ) and right £)

sides of TPD molecules in Fig. 10c are shown.

The respective contributionsrfrahe

[1(000)
NL Nr BP. BP: Ph To Ph: Tog
SegmentaB3’ / meV
NL 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Nr 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
BP. 0.0 0.2 0.0 0.0 0.0 0.0 -3.5 5.1
1(000) BP: 0.0 0.0 0.0 0.0 0.0 0.0 0.0 3.1
Ph 0.0 -0.3 0.0 5.1 0.0 0.0 0.9 0.3
To 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Phs 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Tor 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Segmentall” / meV
NL 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Nr 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
BP. 0.0 0.1 0.0 0.0 0.0 0.0 -1.2 0.9
1(000) BP: 0.0 0.0 0.0 0.0 0.0 0.0 -0.1 -0.4
Ph 0.0 0.2 0.0 -2.0 0.0 0.0 -0.1 -0.1
To 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Phs 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Tor 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
inter-segment C-C, C-N, or N-N distances / A
NL 12.8 6.2 9.2 6.6 12.1 13.9 5.3 5.6
Nr 19.3 9.4 15.1 10.8 19.8 19.8 7.5 6.8
BP. 13.1 4.8 9.1 5.6 12.8 141 3.7 3.7
1(000) BP: 16.0 6.4 11.8 7.7 16.1 16.8 4.7 3.7
Ph 8.6 4.3 5.2 3.6 7.9 9.8 4.2 4.3
To 13.5 7.6 10.2 8.0 12.6 14.8 6.6 6.9
Phs 19.1 9.3 14.9 10.7 19.7 19.3 8.2 6.3
Togr 20.1 10.1 15.8 11.5 20.5 20.5 7.7 8.0
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Table 5.11. The segment@livalues for charge transfer and shortest inter-segi@-C, C-N, or
N-N distances in the molecular pdit, 1(000)-11(001).
nitrogen (N), biphenylene (BP), phenyl (Ph), angltfro) moieties in the left, ) and right £)

sides of TPD molecules in Fig. 10d are shown.

The respective contributionsrfrahe

[1(001)
NL Nr BP. BP: Ph To Ph: Tor
SegmentaB3* / meV
NL 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Nr 0.0 0.0 0.3 0.0 -0.5 0.0 0.0 0.0
BP. 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
1(000) BP: 0.0 0.0 0.0 0.0 -6.9 0.0 0.0 0.0
Ph 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
To 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Ph: 0.0 0.0 -3.8 0.0 1.0 0.0 0.0 0.0
Tog 0.0 0.0 5.1 3.2 0.5 0.0 0.0 0.0
Segmentall” / meV
NL 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Nr 0.0 0.0 0.1 0.0 0.3 0.0 0.0 0.0
BP. 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
1(000) BP: 0.0 0.0 -0.1 0.0 -4.5 0.0 0.0 0.0
Ph 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
To 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Ph: 0.0 0.0 -1.3 -0.1 0.0 0.0 0.0 0.0
Tog 0.0 0.0 1.0 -0.1 -0.1 0.0 0.0 0.0
inter-segment C-C, C-N, or N-N distances / A
NL 12.7 19.4 13.0 16.0 8.5 13.4 19.0 20.1
Nr 6.1 9.4 4.6 6.4 4.1 7.5 9.3 10.1
BP. 9.1 15.1 9.0 11.8 5.1 10.1 14.9 15.8
1(000) BP: 6.4 10.8 55 7.7 3.4 7.8 10.7 11.5
Ph 12.1 19.8 12.8 16.1 7.9 12.5 19.7 20.5
To 13.9 19.8 14.0 16.8 9.7 14.7 19.2 20.5
Ph: 5.1 7.4 3.5 4.7 4.1 6.5 8.1 7.7
Tog 55 6.7 3.6 3.6 4.2 6.8 6.1 7.9
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order of 16 s* are obtained for the pairs of 51, 52, 55, andrBBecting theHas* values.
Therefore, holes can be conveyed along the b-Bxisigh the periodic pairs of 51 and 52 or 55
and 56, as illustrated in Fig. 5.9a. Also, theiquéc pairs of 39 and 41, or 67 and 69, which
provide theker' values larger than 10s?, can transport holes macroscopically along theis;-a
as illustrated in Fig. 5.9b. Combinations of thpags can also convey holes effectively in the
b-c plane. For hole transports in the a-directtbe, pairs of 39, 40, 41, and 42, or 67, 68, 69,
and 70 can be used as illustrated in Fig. 5.11.wd¥er, the transports are expected to be

inferior to those along the b- and c-axes duedcsthallek:;" values for these pairs.

5.3.7. “Electron” Transports in Monoclinic TPD

The Hag™ values for the monoclinic polymorph of TPD arecathown in Fig. 5.8a as open
circles. All theHpg™ values are less than 3.2 meV, meaning the snialimolecular electronic
couplings of LUMOs. The segmeni@l values for the pairs of 51, 55, 39, and 41 aravsho
in Tables 5.8-5.11. As in the case of the orthimhioc polymorph, the intermolecular LUMO
couplings between the Phand/or Tq rings are small due to the localization of LUMO the
biphenylene moiety, which results in the sniéd™ values.

Theker values afl = 300 K are represented in Fig. 5.8b as openedrcl The values, which
results in 10— 10° s?, are found to two to three orders smaller thankgse values, as in the
case of orthorhombic polymorph. Therefore, thetebm-transport property of TPD is poor
also for the monoclinic polymorph due to the snigk™ values as well as the large value,

which is the same conclusion for the orthorhomioilymorph.
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Fig. 5.11. Molecular pairs of (a) 39 (I(000)-11@QY, 40 (1(000)-11(100)),
41 (1(000)-11(001)), and 42 (1(000)-11(101)) and)(B7 (111(000)-1\V(000)),
68 (111(000)-1V(100)), 69 (I11(000)-IV(001)), and @ (111(000)-IV(101)) in
the monoclinic polymorph of TPD. These moleculairg can convey

holes in the direction of the a-axis.

116



5.4. Conclusion

The rate constants for Maretigpe charge transfers and percolation paths forgeha
transports in both the orthorhombic and monoclipidymorphs of TPD were investigated.
For hole transports, it was found that effectivecpkation paths exist along specific directions
in both the polymorphs. HOMO of TPD delocalize®iothe whole molecule, and the outer
phenyl and tolyl rings of TPD were found to playiarportant role for the intermolecular hole
transfer due to the inter-segmental close contattden the molecular pairs. In contrast to
hole-transfers, the electron-transfer rate constané much smaller in both the polymorphs.
The smaller electron-transfer rate constants amigimot only from the larger reorganization
energy but also from smaller electron transfergraks. LUMO of TPD localizes on the
central biphenylene segments, which results in Ismi@r-segmental charge transfers between
outer phenyl and tolyl rings in the molecular paiinsspite of the close segmental contacts.

It was shown that the distributions of HOMO and LOMand intermolecular packings are
crucial for charge transfer integrals. In OLED®Dris used in the amorphous state. This
study on the segmental contribution to charge teairigtegrals shows that the intermolecular
packing is crucial for charge transports. Electiramsport properties would be better, if paths
consisting of consecutive molecular pairs with el@egntact at the biphenylene segments are
percolated. To be exact, information on intermolac packing in the amorphous state is
necessary to quantify the charge transfer integrafalysis of charge transports in the

amorphous state is one of the subjects in thedutur
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Chapter 6
Revealing Bipolar Charge-Transport Property of
4,4'-N,N'-dicarbazolylbiphenyl (CBP)

by Quantum Chemical Calculations

6.1 Introduction

Organic light-emitting diodes (OLEDs) are promgidevices for flat or flexible displays,
and lighting equipments [1,2]. Fig. 6.1 shows Wdkenown charge-transport materials for
OLEDs, 4,4'N,N-dicarbazolylbiphenyl (CBP) [3-10] arnd,N’-diphenylN,N’-di(m-tolyl)
benzidine (TPD) [2,11-16]. The chemical structwwEEBP and TPD are similar to each other,
while the charge-transport properties are not. EBP, both the hole and electron mobilities
are on the order of focnf/Vs [7,8]. According to preceding studies [5,7-10BP is called
as a bipolar’ material on the basis of the comparable hole #&xtren mobilities. The latter,
TPD, shows a similar hole-transport property whik tobility of ~1G cnf/Vs; however, the
electron mobility is inferior, <16 cnf/Vs [14-16]. Understanding the origins of the eiiéint
charge-transport properties between CBP and TR® isiportance not only for fundamental
science but also for designing molecules with d&oeperformance.

In Chapter 5, charge-transport property of TPD waestigated, based on Marcus theory

[17,18]. Again, the charge-transfer rate constast,is described by the theory as

(=M L e A
T e g P T -
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Fig. 6.1. The chemical structures of CBP and TPDhe 6, ¢, andr
represent bond angles, torsion angles, and bogthigrespectively.
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where, A is the reorganization energy, ahtlg is the charge transfer integral between the
relevant two molecules. The temperaturgs fixed at 300 K throughout this Chapter. The
andkg are the Planck and Boltzmann constants, respéctivik was found in Chapter 5 that
the hole transfer integrals in TPD crystals areesmvtimes larger than the electron transfer
integrals [19]. The HOMO of TPD spreads over ttiaoule. Large intermolecular overlaps
can be formed between the phenyl and/or tolyl rimgsch have close intermolecular contacts
in the crystals. In contrast, the LUMO of TPDagdlized on the central biphenylene moiety,
which results in small intermolecular overlaps {tli®, small electron transfer integrals).
Owing to both the small reorganization energies thedlarge charge transfer integrals for the
hole transfers, the hole-transfer rate constant® walculated to be more than two orders of
magnitude larger than the electron-transfer ratestemts. In addition, there are effective
hole-transport paths consisting of consecutive mdé pairs with large hole-transfer rate
constants [19]. The results show the favorable-winsport property of TPD.

On the other hand, the origins of the bipolargedransport property of CBP were unclear,
despite the practical importance as a host matefisgmitting layers in OLEDs. In this
Chapter, the charge-transport property of CBPénctlystal is investigated as in the case of TPD.
The reorganization energies and the charge tramgggrals are compared with those for TPD.

The results explain the difference of charge-trarngproperties between CBP and TPD.

6.2 Computational Section

The structural optimizations were performed fortreycationic, and anionic CBP molecules
by DFT method using the B3LYP functional [20-22]dathe 6-31G(d) basis set. The
molecular structure in Ref. 23 was adopted as @ialistructure for the optimizations. Using

the DFT-optimized structures, the reorganizatioergies were calculated, according to Chapter
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5. The packing structure of the CBP crystal was &éhken from Ref. 23. Fig. 6.2 shows the
unit cell. For all the pairs of two molecules imetidentical and the neighboring cells, the

charge transfer integrals were calculated by extémdlickel method from Eq. 6.2 [19,24,25].

Here, an = <®aH|PA>, a5 = <Pg|H|Pp>, B = <DpH|Pg> = <Pg|H|Pp>, S = <Du|Pg> =
<Pp|®,>, and H is the electronic Hamiltonian.®, and ®g are the HOMOSs of isolated
molecules, A and B, respectively, for the evaluaiof hole transfer integrals. Also, for the
evaluations of electron transfer integrals, they the LUMOs of isolated molecules, A and B,
respectively. All of the quantum chemical calcidas were performed by Gaussian 03

program [26]. The symmetry was neglected in theutations.

6.3. Results and Discussion

6.3.1. Molecular Structures and Reorganization Engies

The structural parameters of the crystalline @BB. 6.2) are shown in Table 6.1. Note that
the parameters for the two molecules in Fig. 6e2eaquivalent with each other. The features
are as follows. 1) The summation of the thr&@NC bond angles around the nitrogen atom,
26, + 0; (see Fig. 6.1), is almost 360neaning that the nitrogen atom and the threeocarb
atoms bonded to the nitrogen atom are in the sdamep This is similar to those for other

triphenylamine compounds, including TPD. 2) Thesitan angle of the central C-C bond in
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1(000)

ey

11(000)

2
=

Fig. 6.2. The unit cell of CBP crystal and repreagons of molecules | and

Il. The cell parameters are as follows; a = 8.0bA 16.01 A, c = 10.24 A,
a=y=90.0, andp = 110.2.

Table 6.1. Structural parameters of a CBP moleicutbe crystal, and those optimized by DFT

method for the neutral, cationic, and anionic stateThe parameters are defined in Fig. 6.1.

As an initial structure for the optimizations, tloeystalline structure was adopted. The

parameters for the optimized TPD are also showkdarparison.

bond angle 7 torsion angle ! bond length / A
6, 6, 0; 0] ® ¢ O £l r2 3 4
CBP
crystaf 125+1 - 108 49+3 9+2 - 0 142 1.39+0.01 - 1.49
neutral 126 - 108 53 2 - 0 1.42 1.4 - 1.49
optimized cation 126 - 108 45 4 - 0 1.4 141 - 1.47
anion 126 - 108 70 1 - 0 1.43 1.39 - 1.44
TPD
neutral 120 120 120 41 41 43 36 1.42 1.42 1.42 1.48
optimized cation 121 121 118 26 49 49 21 1.39 1.43 1.43 1.46
anion 119 119 122 61 31 32 9 1.44 141 141 1.44

2The values are taken from Ref. 23.
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the biphenylene moietyy, is @, indicating that the biphenylene moiety has a @latructure in
the CBP crystal. This feature is different fronattior the TPD crystakp, = 34-37° [27,28].
The difference is considered to originate from demalar packing effect, as discussed below.

Table 6.1 also shows the results of the struatptenizations by DFT method for CBP in the
neutral, cationic, and anionic states. It mushtied that all of the CBP structures in Table 6.1
provide imaginary frequencies for a rotational fuation around the torsion angl@a, Fig. 6.3
shows the torsion anglg, dependence of the self-consistent field (SCF) gndor the
optimized structure in the neutral state. The getér minimum corresponds (@ = 3¢, not C.
This indicates that the above optimized structureesponds to a saddle point of the potential.
The energetic difference from the potential minimigrabout 6 kJ/mol.  This result shows that
the crystalline structure of CBP is different frahe most stable conformation for an isolated
molecule, probably due to the intermolecular pagliffects in the crystal. In this Chapter, the
optimized structures in Table 6.1 are adopted tonege the reorganization energies for the
crystalline structure.

For the cationic and anionic structures, the torgingles andg, are almost comparable
with those in the neutral structure. In contraisg torsion anglep, and bond length,rare
different between the neutral and charged statBased on these DFT-optimized structures, the
reorganization energies were calculated by extendédkel and DFT methods. The
reorganization energies obtained by extended Hurok¢hod are 0.10 and 0.19 eV for hole and
electron transfers, respectively. The value feckbn transfer of CBP is found to be small,
compared with the values for the electron transfePD (0.15 and 0.40 eV for hole and
electron transfers, respectively [19]).

The ratios of hole- and electron-transfer rate toms are summarized in Table 6.2.

Assuming that the hole and electron transfer imtisgare equivalent, the ratio of hole- and
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relative energy / kJ mol”’

o N b~ O

0 1I0 2I0 3b 4I0 5b Gb 7b Sb 90
torsion angle, ¢, / ©

Fig. 6.3. The torsion anglg, dependence of the SCF energy of a CBP

molecule. The calculations were carried out whih interval of 10and

the energies are represented as relative valuessaghe minimum

energy, -3.93x10kJ mol* (¢, = 3®). The other structural parameters

are fixed to the optimized values shown in Table 6.The calculations

were performed by B3LYP/6-31G(d) level.

Table 6.2. The ratio of the maximum hole- and eteetransport rate constantg,'/ker, of

CBP and TPD, based on Marcus theory.

calculation method for

L ket ket ® ker'Tker®

reorganization energy

extended Huckel 3.3 1.7
CBP

DFT 1.7X10 9.2

extended Hiickel 2.0X10 1.4< 107
TPD

DFT 2.7X10 1.9x 10

% The ratios are obtained under the assumptiontiieahole and electron transfer integrals are
equal.

® The ratios are obtained by considering both thegamization energies and transfer integrals.
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electron-transfer rate constants for CBP is catedlato be 3.3 from Eq. 6.2. A better
electron-transport property is expected for CBPcbynparing the ratio of 20 for TPD [19].
For TPD, the reorganization energies calculateéignded Hickel and DFT methods led the
comparable values for the ratio of hole- and etectransfer rate constants, under the
assusmption that hole- and electron transfer iategire the same (see Table 6.2 and Ref. 19).
This is not the case for CBP; the ratio of holed atectron-transfer rate constants calculated by
DFT method is larger than that calculated by extenidtickel method. Nevertheless, if both
the reorganization energy and charge transfer riakege taken into account, the ratios of hole-
and electron-transfer rate constants calculateexbynded Hiickel and DFT methods are in the
same order of magnitude as shown in Table 6.2. tRer following calculations, the

reorganization energies by extended Hickel methedised, which was accepted in Ref. 19.

6.3.2. Frontier Orbitals

Fig. 6.4 illustrates the HOMO and LUMO calculateg extended Hickel method for CBP.
The HOMO and LUMO of TPD are also shown for compami Table 6.3 summarizes, in
percentage, the squares of the MO coefficientsegpective segments of CBP, nitrogen (N),
biphenylene (BP), and the two benzene rings incdmazole moiety (Bz1 and Bz2). The
subscripts of “L” and “R” mean left and right side§ the molecule, respectively. For the
HOMO, all the contributions are from 9 to 20%, meagrthat the MO is relatively delocalized
over the molecule. Among them, the contributiorenf the biphenylene moieties are the
largest (20% each for BRnd BR), as in the case of TPD (see also Table 3). k@t tUMO,
contributions of the biphenylene moieties of CBP%ileach for BPand BR) are much smaller

than those for TPD (43% each for B&khd BR). Instead, contributions of the carbazole

128



CBP TPD

BZ2R

Bz2L

HOMO

Fig. 6.4. The HOMO and LUMO of CBP calculated bytemded Hiickel
method for the crystalline conformation.

comparison. The value for the surfaces is 0.02 a.u

ThoselBD are also shown for

Table 6.3. Contributions of the nitrogen (N), bipilene (BP), and the benzene rings in the

carbazole moieties (Bz1, Bz2) of CBP to the HOM@ AlUMO. The subscript of “L” or "R”

indicates the left or right side of the moleculeFig. 6.4. The values for TPD are also shown

for comparison.

N, N BP. BP: Bzl Bz2 Bzlk Bz
CBP HOMO 11 11 20 20 9 9 9 9
LUMO 0 0 17 17 17 17 17 17
TPD HOMO 15 15 18 18 9 9P 9° 9°
LUMO 1 1 43 43 4 3° 42 3°

#The values are for the phenyl group of TPD.

® The values are for the tolyl group of TPD.
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moieties of CBP (17% each for Bz1Bz1 , BzZ, and Bz2) are large, compared with the
LUMO of TPD (3-4% each for Bzl Bzl,, BzZ, and Bz2). Fig. 6.4 clearly shows the
difference between the LUMO of CBP and that of TRDjch is a critical point for electron

transports as discussed later.

6.3.3. Molecular Pairs

As shown in Fig. 6.2, the unit cell of the CBR/stal contains two molecules. These
molecules are referred as | and 1l, respectiveljhe center of gravity of | locates on the origin
of the cell, and that of 1l does on the centerhef b-c plane. Defining that the cell in Fig. 6.2
as cell (000), neighboring cells at the +a, -a, -bh,+c, and -c directions are represented as
(100), (-100), (010), (0-10), (001), and (00-1ppectively. Hereafter, a molecule X (X =1 or
I) in the cell (abc) (a, b, ¢ = -1, 0, or 1) idawed to as X(abc) as defined in Chapter 5 [19].
For example, 1(000) denotes molecule I in the @D).

Charge transfer integrals were investigated liotha molecular pairs between a molecule in
the cell (000) and that in a cell (abc) (a, b,<470, or 1). The 105 pairs are listed in Tabke 6.
Depending on the relative geometries, the pairsbeanlassified into 25 independent types, as
indicated by geometrical types of-X in Table 4. For these 25 types of pairs, thergda

transfer integrals were calculated, according to@2;
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Table 6.4. Molecular pairs in the CBP crystal. r®aietween a molecule in the cell (000) and
another molecule in cells (abc) (a, b, ¢ = -1, )0are considered. They are classified into 25

types of relative geometries,-X. The geometrical types of A, B, and C are shawn

boldface.
I(000)-I(abc)
geometrical geometrical geometrical

a b C a b c a b c

type type type

- 10 G -1 0 G
0 0 1 H 10 D -1 0 R
0 0 -1 H 1 0 -1 R -1 0 -1 D
0 1 E 11 M 11 F
0 1 P 11 Q 11 T
0 1 -1 J 11 -1 Y 11 -1 B
0 -1 E 1 -1 F -1 -1 M
0 -1 J 1 -1 B 101 \Y
0 -1 -1 P 1 -1 -1 T -1 0-1 -1 Q
[(000)-ll(abc)
geometrical geometrical geometrical

a b a b c a b c

type type type
0 0 A 10 C -1 0 K
00 O 10 I -1 0 X
0 0 -1 A 1 0 -1 K -1 0 -1 C
0 1 L 11 N 101 S
0 1 w 11 U 101 Y
0 1 -1 L 1 1 -1 S 11 -1 N
0 -1 A 1 -1 C -1 -1 K
0 -1 O 1 -1 I -1 -1 X
0 -1 -1 A 1 -1 -1 K -1 -1 -1 C
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11(000)-I(abc)

geometrical geometrical

geometrical

C

b

type

type

type

-1 0 O
-1 0 1
-1 0
-1 1 0
-1 1 1
-1 01
-1

-1

-1

0
0
10

0
0 0

-1

-1

-1

1
1

11

1
1

0 1

-1

-1

-1

-1 0

-1 1
-1

-1
-1

-1
-1

-1
11(000)-11(abc)

-1

geometrical geometrical

geometrical

C

b

type

type

type

-1 0 O
-1 0 1
-1 0

-1 1 0
-1 1 1

-1 1

0
10

0
0 0

-1

R

-1

-1

1

01

-1

-1

11

-1

-1 -1 0
-1 1
-1

-1
-1

-1
-1

-1

-1
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6.3.4. Hole Transfer Integrals

The hole transfer integrals for the geometrigpes of A-Y are shown in Fig. 6.5a. The
types of A, B, and C have large values, 3.4,and 3.0 meV, respectively. The value for the
type of D is 0.6 meV, and the values for the otlipes are less than 0.1 meV. In Fig. 6.5b, the
hole transfer integrals are shown as a functiomteirmolecular distance between the center of
gravity of each molecule. Also, in Fig. 6.5c, themg presented as a function of the shortest
inter-segment distance. Here, the shortest intéeau distance between the relevant two
molecules are referred to as the shortest intaneagdistance. Only the distances between
carbon and/or nitrogen atoms are considered (hgtragoms are neglected), because hydrogen
atoms hardly contribute to the frontier orbitaldt is found from these figures that the hole
transfer integral strongly depends on the shoi#st-segment distance rather than the distance
between the center of gravity. This is similatite case of TPD in Chapter 5.

Since the charge transfer integral in Eqg. 6.2isd to be almost proportional 1 (this
relation holds because 1 >3 &ndS 01.75aa+ag)/2 [29, 30], as shown in Chapter 5 [19]),
the contribution of respective segments, N, BP,,Bald Bz2, to the charge transport integral
can be investigated by dividing tifevalue for the respective segments. Thelues divided
for the respective segments are called “segm¢ghtalues” as defined in Chapter 5 and Ref. 19.
The segmental3 values are useful to understand which segmentsndmthy contribute to
charge transfer integrals. Tables 6.5, 6.6, arnd show the segmentgf values for the
representative molecular pairs of the geometrigags of A, B, and C, respectively. The pairs
are 1(000)-11(000) (type A), 1(000)-1(1-11) (type)Band [(000)-11(100) (type C) (see Fig. 6.6).
The shortest inter-segment distances are also showiTables 6.56.7. Regarding
1(000)-11(000), the geometrical type of A (TabléRg.the following interaction are dominant for

the totalB value, -6.5 meV, BztBz1, (-7.9 meV), BR-N, (-4.9 meV), and BRBz2 (-4.4
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(@) type A
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Bzl - BRL NR g
L Bz1 R
11(000)
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1(000)
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(c) type C Bzle"\

Bz2, Bz1g
(‘ 2 N
Bz2); NLS;‘“Q 11(100)

BP9 ‘,I Bz1.
0

BPR Bz1g
1(000) f}.

Fig. 6.6. Representations of the molecular pdad,1(000)-11(000), (b)
[(000)-I(1-11), and (c) 1(000)-11(100). The typesf their relative

geometries are A, B, and C, respectively.
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Table 6.5. The segmentAlvalues for charge transfer and shortest inter-sagi@eC, C-N, or

N-N distances in the molecular pair 1(000)-11(00@hich corresponds to the geometrical type

of “A” . The segments are the nitrogen (N), biphenyldsie),(and benzene rings in the

carbazole moieties (Bz1 and Bz2) in the left (L)l aight (R) sides of CBP molecules as shown

in Fig. 6.6a.
[1(000)
NL Nr BP. BP: Bz, Bz2, Bzlg Bz2;
segmentalBfor hole transfer / meV (total 8= -6.5 meV)
NL 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Nr 0.0 0.0 0.0 0.0 -0.9 0.0 0.0 0.0
BP. 0.0 0.0 0.0 0.0 0.0 1.9 0.0 0.0
1(000) BPr -4.9 0.0 0.5 0.0 2.2 -4.4 0.0 0.0
Bzl 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Bz2, 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Bzl 0.7 0.0 3.3 0.0 -7.9 0.0 0.0 0.0
Bz2; 0.0 0.0 0.0 0.0 3.1 0.0 0.0 0.0
segmentalg for electron transfer / meV (total 8= 1.4 meV)
NL 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Nr 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
BP. 0.0 0.0 0.0 0.0 0.0 -2.0 0.0 0.0
1(000) BP: 0.1 0.0 0.1 0.0 -2.8 -1.8 0.0 0.0
Bzl 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Bz2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Bzl -0.1 0.0 0.9 0.0 4.2 0.0 0.0 0.0
Bz2; 0.0 0.0 0.0 0.0 2.8 0.0 0.0 0.0
shortest C-C, C-N, or N-N distance / A
NL 9.7 16.2 10.2 12.9 9.9 6.8 17.4 15.6
Nr 5.2 13.3 5.7 9.4 4.2 5.1 13.6 14.2
BP. 6.1 13.7 6.8 10.0 6.3 3.8 14.8 135
BPr 3.7 12.4 4.6 8.4 3.5 35 13.1 13.0
'(000) Bzl 9.6 14.6 9.8 11.7 10.4 6.9 15.8 135
Bz2, 10.8 17.6 11.5 14.3 10.8 7.8 18.8 17.0
Bzl 4.4 10.2 3.8 6.6 3.5 5.3 10.1 11.3
Bz2; 6.1 14.2 6.9 10.5 4.0 5.8 14.2 15.3
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meV) (the left and right sides correspond to thgireents in 1(000) and 11(000), respectively).
All the types of the segments, N, BP, and Bz, dbute to the above interactions. The shortest
inter-segment distance is a crucial factor for gharansfers; the distances for the above three
segmental pairs are less than 3.8 A, whereas thmesgal 8 values are 0.0 meV when the
distance is longer than 5.1 A. For 1(000)-I(1-1the geometrical type of B (Table 6.6), the
segmental interaction between BAz2, (-1.9 meV) is dominant for the tot#l value of -3.1

eV. This segmental interaction is smaller thanglgnificant interactions for the types A and
C in spite that the shortest inter-segment distam@s short as 3.5 A.  This suggests that the
relative orientation of the relevant two molecudso affects the segmeniéivalue as well as
the inter-segment distance. Lastly, the tgfalalue is 7.0 meV for 1(000)-11(100), the
geometrical type of C (Table 6.7). The most sigaiit interaction is obtained for the
segmental pair of BfBz], ; the segmentaf value is 6.4 meV and the shortest inter-segment
distance is 3.6 A. Considering the geometricabsypf A-C, holes are favorably transported

through any of the segments, N, BP, and Bz.

6.3.5. Electron Transfer Integrals
Fig. 6.5a also shows the electron transfer integi@l the geometrical types of-X. The

geometrical type of B provides the largest valuéhefelectron transfer integral, 4.3 meV. The
values for the types of A, C, and D are 0.9, 1r@®l @7 meV, respectively. For the others, the
values are less than 0.1 meV. In Figs. 6.5b aBd, &@he electron transfer integrals are also
shown as a function of the intermolecular distapemveen the center of gravity and the shortest
inter-segment distance, respectively. As in theeoaf the hole transfer integral, the electron
transfer integral strongly depends on the shoi#st-segment distance rather than the distance

between the center of gravity.
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Table 6.6. The segmentglvalues for charge transfer and shortest inter-sagi@eC, C-N, or

N-N distances in the molecular pair 1(000)-I(1-1@)hich corresponds to the geometrical type

of “B” (see Fig. 6.6b).

1(1-11)
\ Nr BP. BP: Bzl Bz2, Bzls Bz2:
segmentalg for hole transfer / meV (total #=-3.1 meV)
N. 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Nr 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
BP. 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
1(000) BP: 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Bzl 0.0 0.0 0.0 0.0 0.0 0.0 -0.6 0.0
Bz2 0.0 0.0 0.0 0.0 0.0 00 -19 -0.6
Bzl 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Bz2; 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
segmentalg for electron transfer / meV (total = 6.5 meV)
NL 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Nr 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
BP. 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
1(000) BP: 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Bzl 0.0 0.0 0.0 0.0 0.0 0.0 0.3 0.0
Bz2 0.0 0.0 0.0 0.0 0.0 0.0 5.9 0.3
Bzl 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Bz2; 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
shortest C-C, C-N, or N-N distance / A
NL 19.2 9.5 15.1 10.9 19.4 20.2 6.2 7.7
Nr 29.1 19.2 24.9 20.6 29.4 29.9 15.9 16.5
BP. 20.6 10.9 16.4 12.2 20.8 21.6 7.5 8.8
BP: 24.9 15.1 20.7 16.4 25.1 25.8 11.7 12.6
(000) Bzl 16.5 7.7 12.6 8.8 16.5 17.7 4.0 6.7
Bz2, 15.9 6.2 11.7 7.5 16.3 16.8 3.5 4.0
Bz1l; 29.9 20.2 25.8 21.6 30.0 31.0 16.8 17.7
Bz2; 29.4 19.4 25.1 20.8 29.9 30.0 16.3 16.5
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Table 6.7. The segmentglvalues for charge transfer and shortest inter-seg@-C, C-N, or
N-N distances in the molecular pair 1(000)-11(10@)ich corresponds to the geometrical type
of “C” (see Fig. 6.6¢).

[1(100)
\ Nr BP. BP: Bzl Bz2, Bzls Bz2:
segmentalg for hole transfer / meV (total 8= 7.0 meV)
NL 0.0 0.0 0.0 0.0 0.0 0.1 0.0 0.0
Nr 0.0 0.0 0.0 0.0 -0.6 0.0 0.0 0.0
BP. 0.0 0.0 0.0 0.0 0.0 0.8 0.0 0.0
1(000) BP: 0.0 0.0 0.0 0.0 6.4 -0.2 0.0 0.0
Bzl 0.0 0.0 0.0 0.0 0.0 -2.7 0.0 0.0
Bz2, 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Bzl 0.0 0.0 0.0 0.0 3.2 0.0 0.0 0.0
Bz2; 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
segmentalg for electron transfer / meV (total #=-1.8 meV)
NL 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Nr 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
BP. 0.0 0.0 0.0 0.0 -0.2 -0.3 0.0 0.0
1(000) BP: 0.0 0.0 0.0 0.0 -0.2 -0.8 0.0 0.0
Bzl 0.0 0.0 0.0 0.0 0.0 0.1 0.0 0.0
Bz2, 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Bzl 0.0 0.0 0.0 0.0 -0.4 0.0 0.0 0.0
Bz2; 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
shortest C-C, C-N, or N-N distance / A
NL 8.5 17.3 9.6 13.3 7.5 4.5 18.4 17.1
Nr 7.9 16.4 9.0 12.5 4.3 7.0 16.4 17.6
BP. 6.6 15.9 7.9 11.8 4.5 3.7 16.8 16.2
BP: 6.4 155 7.6 11.5 3.6 4.2 15.9 16.3
'(000) Bzl 7.4 15.0 8.0 11.5 7.1 3.7 16.3 14.4
Bz2 9.7 18.6 10.9 14.7 8.7 5.7 19.8 18.4
Bzl 6.8 13.8 7.5 10.4 3.8 6.6 134 15.0
Bz2; 9.2 17.7 10.3 13.9 5.5 8.3 17.5 18.9
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The segmentg® values of the electron transfer integrals forghemetrical types of AC are
also shown in Tables 6-6.7, respectively. For the pair of I(000)-11(000)etgeometrical type
of A (Table 6.5), the3 value for Bzk-Bz1, with the shortest inter-segment distance of 3i5 A
dominant, 4.2 meV. This indicates that the LUMO tbe carbazole moieties, which have
close intermolecular contacts, is advantageous tifier large segmental3 value. For
1(000)-1(1-11), the geometrical type of B (Tables)%.the interaction between BzBzl; is
significant, 5.9 meV, also indicating the importanaf the carbazole moieties for electron
transfers. For 1(000)-11(100), the geometricalaypf C (Table 6.7), the magnitudes of all the
segmental values are less than 0.8 meV, although the irtierabetween Bz2BPy is the
largest. Considering the geometrical types e€Aelectrons are favorably transported through
the carbazole moieties. The LUMO which spreads twe molecule, including the carbazole
segments, would be an origin of the different etactransport property between CBP and TPD.
For TPD, the LUMO is localized on the central bipyflene moiety, which is unfavorable for
providing large segment@values.

Fig. 6.6 shows that only the carbazole moietiesia close intermolecular contact for the
geometry of type B. However, this geometry prositlee largest electron transfer integral, as
shown in Fig. 6.5a. This result indicates thagidatransfer integrals can be obtained even if

not all the segments are in close intermoleculatasis; only a partial contact is often enough.

6.3.6. Rate Constants and Paths for Charge Transfe

Fig. 6.7 shows the hole and electron transfer cahstants for the geometrical types eHA
at 300 K, using the above reorganization energiglscharge transfer integrals. For the other
geometrical types:V, the values are less than'®}. The hole-transfer rate constants for the

types of A, B, and C are 2.0x103.7x10°, and 1.9x18 s?, respectively. The value for the
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type of D is 6.4x1Ds", and those for the rest types are less than 271810 On the
electron-transfer rate constants, large valuesbi@ined for the types of A, B, and C; 4.8%10
1.1x10", and 8.6x1ds?, respectively. The value for the type D is 3.3k%4§) and those for
the rest types are less than 1.2%40 The ratio of the maximum hole- and electrongfan
rate constants is 1.7. Compared with the orthobhororystal of TPD, for which the ratio is
1.4X 1, the bipolar charge-transport property of CBRésudy presented.

In the TPD crystals, there are effective patigHe hole transport [22]. The paths consist of
successive molecular pairs with large hole-transdfeg constants. Here, we investigate paths
for the hole and electron transports in the CBRtaty The molecular pairs of the geometrical
types of A, B, and C, which are the most advantagdor both the hole and electron transports,
are considered. As shown in Table 4, there arersewolecular pairs for the geometrical type
of A. The pairs are illustrated in Fig. 6.8a. dugh the pairs, both holes and electrons can
be effectively transported in the b-c plane. Ihestwords, effective percolation paths for
charge transports are formed in the plane. Fogé#uenetrical type of B, four molecular pairs
exist (see Table 6.4), which are presented in Bigb. Through the periodic pairs of
1(000)-1(1-11) and 1(000)-1(-11-1), both holes aeldctrons are favorably transported along the
[1i1] direction of the crystal. Also, they can bensported along the [111] direction by the
periodic pairs of 11(000)-11(111) and [I(000)-I(-1-1). For the geometrical type of C, there are
eight molecular pairs (see Table 6.4). The paies shown in Figs. 6.8c and 6.8d. The
periodic pairs of I(000)-11(100) and [(000)-11(-1-1), or 1I(000)-1(111) and [I(000)-I(-100) can
transport both holes and electrons along the [#i#2Ftion of the crystal. In addition, charges
can be effectively transported along theéﬂ direction through the periodic pairs of
[(000)-11(1-10) and 1(000)-1I(-10-1), or 11(000)-101) and 11(000)-I(-110). From the above

discussion, effective paths exist for both the tasld electron transports in CBP, confirming the
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bipolar charge-transport property of CBP.

6.4 Conclusion

The charge-transport property of CBP was investijlatbased on Marcus theory. By
investigating both the reorganization energies ahdrge transfer integrals, the hole- and
electron-transfer rate constants were calculatedeosimilar in magnitude. In addition,
effective paths for both the hole and electrondpants exist in the CBP crystal, showing the
bipolar charge-transport property of CBP. Througk delocalized HOMO over the CBP
molecule, holes are conveyeda all the segments of molecules. In contrast, edest
favorably transfer through the carbazole moieti€bhis is in sharp contrast with TPD; the
LUMO is localized on the central biphenylene mai&iich results in small electron transfer
integrals. The results clearly show the differenég¢he electron-transport property between

CBP and TPD.
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Summary

This thesis described the molecular and eleatrstiuctures and charge-transport properties
of materials for organic light-emitting diodes (ODE), N,N’-diphenylN,N’-
di(m-tolyl)benzidine (TPD) and 4,4:N-dicarbazolylbiphenyl (CBP). The results and
findings in the respective chapters are summaidasiollows.

In Chapter 2, the amorphous structure of TPD wnalyzed by the combined use of
solid-state®®N NMR and quantum chemical calculations. TPé chemical shift anisotropy
(CSA) spectrum of amorphous TPD was obtained, stgwhat the spectrum is as narrow as
~15 ppm. In addition, density functional theoryHD calculations were performed to find
that the™N CSA of TPD strongly depends on the planarity #raltorsion angles around the
nitrogen atom, which are of particular interesttfoe structure. Because the experimetitél
CSA is in good agreement with the calculated CSAlie DFT-optimized TPD molecule, the
DFT-optimized structure of a single TPD moleculewdt reflect the structure in the condensed
amorphous state; the nitrogen and tree carbonssadoectly bonded to the nitrogen atom are in
the same plane (the plane is referred to as “TR#Agl), and the three rings attached to the
nitrogen adopt a propeller-shape conformation withtorsion angles of ~40 Compared with
other amine compounds such as aniline, the plgnaritund the nitrogen atom of TPD is
discriminative. The planar structure was suggestedde more favorable for hole transports
than the pyramidal structure, because thé tgbridized nitrogen atom and the shorter
intermolecular distance for the planar structueeadvantageous for the intermolecular overlaps
of HOMOs. It was also suggested that the stablefotmers as many as 40 exist for
amorphous TPD. These structures have inconsistbatyeen the previous XRD results.

The inconsistency would originate due to the chtiigga packing effect. The validity of the
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combined use of solid-state NMR experiments andnguma chemical calculations for the
analysis of the amorphous structure was succegsiutiwn.

In Chapter 3, thé®N NMR shieldings of TPD were investigated in detaibnsidering the
relationships with the electronic structure anddharge-transport property. The origins of the
conformational dependences BN CSA obtained in Chapter 2 were analyzed, dividing
shielding values into the diamagnetic shielding @adamagnetic deshielding terms. It was
revealed that the conformational dependencéMfCSA is dominated by the paramagnetic
deshielding term. The natural chemical shieldiNG€$) analyses indicated that the lone pair
orbital of the nitrogen and the orbitals of the N-C bonds largely contribute tae th
conformational dependence of the paramagnetic eleéigs. According to Ramsey’s theory,
this originates from the conformational dependearesthe r1tinteraction between the nitrogen
and the directly bonded benzene rings andothe” interaction between the three N-C bonds
around the nitrogen. The result indicates that eleetronic structure around the nitrogen,
which has large contribution to HOMO, has a confational dependence. It was found that
the distribution of HOMO is largely changed depagdion the conformation; HOMO is
localized on the nitrogen and benzene rings whikdngly interact with the nitrogep, orbital.
For the DFT-optimized conformation, the HOMO isatelely delocalized over the molecule.
The advantageous of the delocalization for holesparts was shown in Chapters 5 and 6. In
contrast, LUMO of TPD is almost localized on thatcal biphenylene segment irrespective of
the conformation, which is unfavorable for electt@msports.

In Chapter 4, the charged states of TPD weresiigeged. The monocationic and dicationic
states of TPD were produced by chemical oxidatiamd analyzed by solid-stat&N NMR
experiments. It was found from CP/MAS experimehgt the isotropi¢®N chemical shifts of

TPD in the neutral and dicationic states are sicpittly different from each other. The
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observed spectra for neutral and dicationic TPD @wasistent with the results of DFT
calculations. The appearance of only one resonlimedor the dicationic sample as well as
the neutral sample indicates that the i nuclei are principally in the same state. Far th
monocationic TPD sample, nbN resonance lines were observed, suggesting tlagstr
interaction between the unpaired (radical) elecspim and the®N nuclei spin. This also
suggests that the twidN nuclei of the monocationic sample are in the sataée, due to the
electronic interaction between the nuclei. Thestexice of unpaired electron was confirmed
by an ESR experiment for monocationic TPD, whilesignals were obtained for neutral and
dicationc TPD. These results show that the charjates can be monitored by solid-state
NMR with the help of ESR; they have a potential direct observations of charge transports
phenomena in the devices. In addition, it was fodrom the CSA measurements that
solid-state NMR can offer information on the orlst&dom which the electrons are extracted.
For TPD, the electrons are extracted from the gé&np, orbital which is perpendicular to the
TPA plane, leading to the drastic changesgfando,, values while thes,, value is almost
constant. The result experimentally shows that rithieogen p, orbital corresponds to the
HOMO and are essential for hole transports.

In Chapter 5, both the reorganization energiescdmarge transfer integrals were investigated
for TPD to quantify the charge-transfer rate camsta based on Marcus theory. The
reorganization energies were calculated from themiped geometry. The calculations of
charge transfer integrals were carried out by elddnHickel method for all the neighboring
pairs of two molecules in the crystals, analyzitigohthe Coulomb, resonance, and overlap
integrals between the frontier orbitals. The aledi maximum hole- and electron-transfer rate

1

constants were in the order of'i@nd 16° s*, respectively. It was found that not only the

small reorganization energy but also the largegth#nansfer integrals for hole transfers are the
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origins of the better hole-transport property ofDTRcompared with the electron-transport
property. From the detailed analysis, it was réagdhat the charge transfers among the
outside tolyl and phenyl rings of TPD are domintanthole transfers. Because the HOMO of
TPD are delocalized over the molecule and the &g phenyl rings have close intermolecular
contacts in the crystals, large intermolecular layer of HOMO can be formed among the rings.
On the other hand, the LUMO of TPD is localizedtba central biphenylene moiety, resulting
in the smaller intermolecular overlaps. In additipercolated hole-transport paths were found
in the condensed state. The paths consisting idexutive molecular pairs with large values
of hole-transfer rate constants,'46% are formed in the TPD crystals. This can expthm
good hole-transport property of TPD, experimentalbserved by, for example, time-of-flight
experiments.

In Chapter 6, the charge-transfer rate constantg,4'N,N-dicarbazolylbiphenyl (CBP), a
well-known bipolar charge-transport material for ERbs, were quantified by extended Huckel
method as in the case of TPD in Chapter 5. The-tasid electron-transfer rate constants were
calculated to be in the same order, owing to tluh lthe reorganization energy and charge
transfer integrals are comparable for hole and tmlec transfers.  Also, percolated
charge-transport paths were found for both the halg electron transports. This is in sharp
contrast with the case of a structurally similat Byoor electron-transport material, TPD, for
which the electron-transfer rate constants wereutated to be two orders of magnitude smaller
than the hole-transfer rate constants. From tkeldd analysis of the charge transfer integrals
for CBP, it was found that holes transfer througiitree segments of the molecules, using the
delocalized HOMO over the whole molecule. Thistypie is similar to the hole transports of
TPD. For electron transports, electrons transidvaatageously through the delocalized

LUMO on the carbazole moieties of CBP, which halese intermolecular contacts. In
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contrast, the LUMO of TPD localizes on the centrgdhenylene moiety, resulting in small
electron transfer integrals. The results clealgvs the difference of the electron-transport
property between CBP and TPD. It was suggestddtitaonly the reorganization energy but
also the delocalization of frontier orbitals andsa intermolecular contacts are essential factors
for the intermolecular charge transfers, and thurstiie charge-transport property of these
triphenylamine-related materials. The findings leefpful for designs of molecules with better

charge-transport performances.
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